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ABSTRACT 
Volcanic clasts at the base of the Tertiary Santa Fe Group of the San Luis Basin (SLB), a 
major extensional feature of the northern Rio Grande Rift, provide evidence for the direction of 
sediment transport and timing of regional tectonic events. A combination of clast whole rock 
geochemistry (major and trace element), mineral chemistry (amphibole, biotite, pyroxene and 
feldspar) and geochronology (40Ar/39Ar of amphibole and biotite and U-Pb of zircons) is used to 
constrain the possible source scenarios. Several potential sources with requisite geochemical and 
geochronological information exist for the Santa Fe Group volcanic clasts including rocks from 
Spanish Peaks (SP) and Mount Mestas to the east, the San Juan volcanic field (SJVF) to the west 
and the Thirtynine Mile volcanic field to the north of the basin.  
Petrographic analysis and whole rock geochemistry establishes that the Santa Fe Group 
contains volcanic clasts of a wide compositional range (trachybasalt to rhyolite). Trace element 
data show a strong overlap of SLB volcanic clasts with rocks of the SJVF and Thirtynine Mile 
volcanic field, while significant differences exist between the SLB and Mount Mestas rocks. 
There are differences in Na and Ti contents of amphiboles between SLB and SP rocks, but no 
significant differences occur between SLB and SJVF amphiboles. Geochronology of the SLB 
clasts indicates an age range of 35-29 Ma, similar to Thirtynine Mile volcanic field and to the 
Conejos Formation of SJVF, but too old for SP (~26-21 Ma) and Mount Mestas (~25 Ma). Based 
on this data, the Santa Fe Group volcanic clasts in the SLB are interpreted to have a western and 
northern provenance. This implies that sediment was likely sourced from the west and north, but 
not from the east. The Culebra Range, a part of the Sangre de Cristo Mountains that currently 
bound the eastern SLB, was likely at a position and elevation to hinder the transport of eastern 
sediments to the basin during deposition of the Santa Fe Group.
ix
 
 
CHAPTER 1.  INTRODUCTION 
In recent years, provenance studies of sedimentary and metasedimentary rocks have 
provided valuable insights that can be used for tectonic reconstructions. Although most of the 
earlier provenance studies primarily relied on proportions of detrital fragments (e.g. Dickinson et 
al., 1983), more recent studies use the mineral chemistry and/or isotopic character of select 
groups of detrital minerals such as zircon, monazite, apatite, amphibole and tourmaline to 
constrain sources (e.g. Henry and Dutrow, 1992; Link et al., 2005; Zack et al., 2004; Beranek et 
al., 2006).  Zircon and monazite provide age constraints whereas the other minerals have 
chemical signatures that are a sensitive indicator of the environment and are, consequently, 
indicative of the provenance of these detrital minerals. Such information provides constraints on 
the source of sediments, timing of uplift of mountain ranges, relative motions of faults and 
probable sediment transport directions. As such, these types of studies can provide valuable 
information for understanding tectonic development of a region. An area that is well suited for 
this type of study is the San Luis Basin, Colorado. 
The San Luis Basin (SLB), a major extensional feature of the northern Rio Grande Rift 
(Fig. 1.1), stretches ~ 240 km from south-central Colorado to north-central New Mexico. It is 
bounded on the east by the Sangre de Cristo Mountains and on the west by the San Juan volcanic 
field (Fig. 1.2). The central Sangre de Cristo Mountains (Culebra Range) are composed of 
deformed Precambrian gneiss on the western side of the range and Pennsylvanian and Permian 
clastic sedimentary rocks and limestone on the eastern side of the range and along the range crest 
(Lindsey, 1998).  The SLB is filled by a thick sequence of sedimentary rocks (up to ~6 – 7 km) 
that belong to the Santa Fe Group (e.g. Kluth and Schaftenaar, 1994). The lower member of the 
Santa Fe Group consists of sediments rich in volcanic clasts. These clasts are of unconfirmed 
origin, but suggested to have an eastern provenance (Wallace, 2004). Determining their  
1
 
 
 
          Figure 1.1: Generalized geologic map of the Rio Grande Rift.  
          Pink = Precambrian rocks; Purple = Tertiary and Quaternary 
       volcanic rocks; Yellow = Tertiary and Quaternary  
       sedimentary rocks in extensional basins; UAB = Upper  
       Arkansas Basin; SLB = San Luis Basin; EB = Española  
       Basin; AB = Albuquerque Basin.  Modified after Kluth and  
       Schaftenaar (1994). 
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Figure 1.2: Generalized geologic map of the San Luis Basin, Colorado and surrounding 
areas. A-A’ is the location of the cross section in Fig. 1.3. SLH = San Luis Hills; SPM = 
San Pedro Mesa; BP = Blanca Peak; MM = Mount Mestas; and SP = Spanish Peaks. 
Modified after Topper et al. (2005).  
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provenance can potentially provide valuable information on sediment transport direction and 
tectonic events in the SLB.  
The Santa Fe Group sediments that partially fill the SLB thicken eastward (Fig. 1.3) 
indicating they were deposited during active basin formation. Volcanic clasts contained in the 
lower Santa Fe Group are in greatest quantity near the base of the section and decrease in 
abundance upward with Proterozoic clasts becoming more abundant (Wallace, 2004).  
 Potential source areas for the volcanic clasts lie to the east, west and north of the study 
area. Volcanic rocks to the east of the basin, Spanish Peaks (SP) and Mt. Mestas (MM), are 
currently separated from the SLB by the Culebra Range (central Sangre de Cristo Mountains, 
Fig. 1.2) with peaks at elevations of over 14,000 ft. It has been suggested that the Culebra Range 
crest was east of its present location and would have allowed volcanic clasts from SP and MM to 
be deposited in the SLB during Santa Fe Group deposition (Wallace, 2004). Alternatively, it has 
been hypothesized that these volcanic clasts were derived from the San Juan volcanic field 
(SJVF) to the west of the basin (Brister and Gries, 1994). This could imply that the Culebra 
Range was in a position to act as a barrier for east-derived sediments, or that the rocks on the 
eastern side were too young or not topographically high enough to be eroded and transported into 
the basin. Another possible source is the Thirtynine Mile volcanic field north of the SLB. While 
it is furthest from the basin compared to other possible sources, it is the second largest volcanic 
field near the basin, with the largest being the SJVF.  
 Determination of source region(s) for the clasts potentially yields information on 
sediment transport direction and provides insights into the tectonic evolution for the region. This 
study uses volcanic clasts to test the hypothesis of provenance for the Santa Fe Group and to 
provide constraints for the tectonic and sediment transport history of the area. Provenance 
4
 
 
 
 
 
Figure 1.3: Cross section through the San Luis Basin (Alamosa Basin) at the location of  
A-A’ on Fig. 1.2. Tsf = Upper Oligocene to Pleistocene Santa Fe Group sedimentary unit, 
Tt = Oligocene ash-flow tuff from the San Juan volcanic field, Tcg = Oligocene volcanic 
and volcaniclastic Conejos Formation and Gribbles Park Tuff, Te = Eocene red beds, pC = 
Precambrian granite-gneiss basement, SdC = Sangre de Cristo fault. Modified after Brister 
and McIntosh (2004).  
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determination is based on petrographic, geochemical, mineral chemical and geochronologic data 
of the clasts. This study also demonstrates the utility of volcanic clasts as a provenance indicator 
in volcaniclastic sediments.  
1.1 Geologic Setting 
The SLB lies within the Rio Grande Rift, a region of late Cenozoic continental rifting in 
the United States that extends from central Colorado through New Mexico, into west Texas, and 
terminates near Chihuahua, Mexico (e.g. Chapin, 1971; Seager and Morgan, 1979) (Fig. 1.1). 
Formation of the Rio Grande Rift and accompanying basin formation occurred during two 
episodes of extension: (1) an initial phase characterized by low-angle faults beginning 
approximately 30 Ma and lasting 10 to 12 m.y.; and (2) a later phase characterized by high-angle 
normal faults that occurred from approximately 17 to 3 Ma with minor extension continuing to 
the present (e.g. Chapin and Seager, 1975; Baldridge et al., 1980; Seager et al., 1984; Morgan et 
al., 1986; Chapin and Cather, 1994). Volcanism associated with the Rio Grande Rift also 
generally occurred during two main phases: (1) a phase of calc-alkaline intermediate to silicic 
volcanism (36-24 Ma) followed by a lull in volcanism (24-10 Ma); and (2) a phase of basalt-
dominated volcanism that resumed at 10 Ma (McMillan et al., 2000). During phase 1 there is a 
period from 28.5 Ma to 24 Ma where silicic volcanism ceased but mafic to intermediate 
magmatism continued (McMillan et al., 2000). 
 Many of the northern and central basins of the Rio Grande Rift formed due to 
extensional reactivation of Laramide (Late Cretaceous – Early Tertiary) thrust faults and the 
collapse of Laramide uplifts (e.g. Tweto, 1979; Chapin and Cather, 1994; Kellogg, 1999). Some 
of the major normal faults are interpreted to sole into older thrust faults that appear listric in 
shape, based on geophysical data, and possibly form a detachment fault that flattens at a depth of 
6
 
 
about 15-16 km in the northern basins (Kluth and Schaftenaar, 1994; Kellogg, 1999) and 10 km 
in the Albuquerque Basin (Russell and Snelson, 1994).  
The southern Rio Grande Rift, south of the Albuquerque Basin, consists of broad, parallel 
basins separated by intrarift horsts (Chapin, 1971), which makes it difficult to physiographically 
distinguish from the adjacent Basin and Range province. However, using geophysical evidence 
Seager and Morgan (1979) determined the Rio Grande Rift has deeper basins, higher heat flow, 
and younger faults and volcanoes compared to the Basin and Range, which has been used to 
define the southern extent of the rift. 
The northern rift contains a series of relatively narrow and deep asymmetrical half-
grabens with a hinge zone on one margin and major faulting on the other (Chapin and Cather, 
1994). The northern and central basins in the rift include the San Luis, Upper Arkansas, 
Española, and Albuquerque basins. 
The northern portion of the SLB in southern Colorado is generally termed the San Luis 
Valley and has undergone approximately 10-12% extension (Kluth and Schaftenaar, 1994). The 
southern portion of the basin in northern New Mexico, consisting of the Taos Plateau volcanic 
field, has increasing extension southward along the Rio Grande Rift to over 28% in central New 
Mexico (Chapin and Cather, 1994). The western margin of the SLB has minor faulting compared 
to the eastern margin where high-angle normal faulting has occurred due to rift-related extension. 
The most prominent east-bounding normal fault is the Sangre de Cristo Fault Zone (Fig. 1.3) that 
extends from Poncha Pass, CO to Taos, NM where it changes to the Embudo accommodation 
zone (Wallace, 2004). The deepest part of the SLB, located northwest of the Great Sand Dunes, 
has been reported at a depth of 6.4 km below the surface based on seismic surveys (Kluth and 
Schaftenaar, 1994). The San Luis Valley is further separated into the Alamosa Basin and the 
Culebra Re-entrant (Upson, 1939) (Fig. 1.2).  
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The study area is located in the northern Culebra Re-entrant and the generalized 
stratigraphy of this area is given in Fig. 1.4. The volcanic clast-rich section of the Santa Fe 
Group (Tsfv) is the focus of this study (Fig. 1.4 and 1.5). Possible source areas for the Santa Fe 
Group volcanic clasts include the currently exposed Spanish Peaks, Mt. Mestas, San Juan 
volcanic field, San Luis Hills and Thirtynine Mile volcanic field areas (Fig. 1.2). 
Spanish Peaks consist of shallow intrusive stocks, sills, plugs and dikes of a variety of 
compositions (Fig. 1.2). Based on the work of Penn (1994), their petrogenetic evolution is 
summarized as follows: (1) At 26.6 – 24.6 Ma, alkali lamprophyric and basaltic magmas 
intruded into pre-existing subparallel fractures and joints; (2) A period of intermediate to silicic 
intrusive activity occurred during 24.6 – 22.8 Ma in which there was emplacement of the West 
Spanish Peak quartz monzonite, the East Spanish Peak granite porphyries and granodiorites, and 
radial dikes of syenite and monzonite porphyry; (3) At ~ 21.3 Ma, there was a second 
lamprophyre intrusive phase in which minettes were emplaced in the northeast portion of 
Spanish Peaks. 
The Mt. Mestas area is east of the SLB and located northeast of the town of La Veta, 
Colorado in the Raton Basin (Fig. 1.2). Here there are three main centers of intrusive igneous 
activity: (1) Mt. Mestas stock with predominantly micro-leuco-granite; (2) Rough Mountain 
stock with hornblende quartz-monzonite porphyry; and (3) Dike Mountain with hornblende 
monzonite porphyry (Bishop, 1952). More recently the Mt. Mestas stock has been described as a 
rhyolite, or more specifically a porcelainite due to its extremely fine-grained texture (Miggins, 
2002). Emplacement of the Mt. Mestas stock was at ~ 25 Ma (Miggins, 2002). 
The San Luis Hills (SLH) are an intra-rift horst bounded by normal faults to the east and 
west (Burroughs, 1974) and lie within the SLB, to the west of the Culebra Re-entrant (Fig. 1.2). 
There are two Tertiary igneous lithologies exposed at SLH. The older lithology consists of  
8
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Figure 1.4: Generalized stratigraphy of the study area, northern Culebra Re-entrant, modified 
after Wallace (1996). 
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    Figure 1.5: (A) Volcanic-rich Santa Fe Group (Tsfv) outcrop in the Fort Garland 
    Quadrangle. Tertiary volcanic clasts (light and dark gray) and Proterozoic gneiss  
    clasts (orange) are visible. (B) A magnified view of clasts incorporated in the Tsfv 
    outcrop shown in Fig. 1.5 (A). 
(A) 
10
 
 
       
Figure 1.5 cont’d 
 
 
 
 
 
Volcanic Clasts 
Proterozoic Clasts 
(B) 
11
 
 
volcanic-intrusive rocks with an intermediate composition and the younger lithology is 
composed of basaltic rocks of the Hinsdale Formation, which unconformably overly the older 
lithology (Thompson et al., 1991). The older lithology has a limiting age of at least 27.7 Ma, 
based on 40Ar/39Ar age determinations of biotite from a late-stage dike cutting the older 
lithology. The Hinsdale Formation at SLH has an average age of ~ 26 Ma (Thompson et al., 
1991). 
 Further to the west, the San Juan volcanic field (SJVF) is the western boundary of the 
SLB. Here volcanism began at ~ 35 Ma with the eruption of the Conejos Formation (Lipman et 
al., 1970; Colucci et al., 1991). The Conejos Formation is primarily dominated by hornblende- 
and pyroxene-bearing andesites, along with some dacites and minor rhyolites. At ~ 29 Ma, 
eruptions shifted to larger amounts of ash-flow tuffs with dacitic and rhyolitic compositions. 
Subsequently, volcanism shifted to bimodal eruptions of basalt and rhyolite at ~ 26 Ma forming 
the Hinsdale Formation (e.g. Parat et al., 2005). Locations of the major calderas are shown in 
Fig. 1.6.  
 Thirtynine Mile volcanic field (Fig. 1.6) is located north of the SLB in central Colorado 
and currently covers an area over 2000 km2, making it the second largest volcanic field in the 
southern Rocky Mountain region (Wobus et al., 1990). The area was active from about 36.7 to 
27.8 Ma (McIntosh and Chapin, 1994) and consists primarily of andesitic rocks interbedded with 
rhyolitic to latitic ash-flow tuffs from outside sources (Epis and Chapin, 1974). Guffy volcanic 
center is the largest in the Thirtynine Mile volcanic field and consists of lava domes and flows of 
latite and trachyte that are overlain by thick flows of basalt, trachybasalt and shoshonite that 
were then intruded by plugs, dikes, and vents of a wide compositional range (trachybasalt to 
rhyolite) (Wobus et al., 1990). 
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Figure 1.6: Geologic map of the San Luis Basin and nearby volcanic remnants. B = 
Bonanza Caldera, MC = Marshall Creek Caldera, Pl = Platoro Caldera, SC = Summer 
Coon volcano. Modified after Lipman and McIntosh (2008). 
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These areas provide the possible sources for volcanic clasts in the Santa Fe Group, SLB. 
Comparison of data from these localities with SLB volcanic clasts potentially provide constraints 
on provenance. 
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CHAPTER 2.  METHODS 
2.1 Field Methods 
 Field work in Colorado was conducted for five weeks in 2007 after an introductory field 
trip to the area the preceding spring. USGS geologic maps were used to locate Santa Fe Group 
outcrops (Wallace and Soulliere, 1996; Wallace, 1996; Wallace, 1997a; Wallace, 1997b). 
Approximately 230 samples of volcanic clasts, representative of the outcrops, were collected 
from the Trinchera Ranch, Russell, Ojito Creek, and Fort Garland quadrangles located near the 
town of Fort Garland, CO in the area defined by Upson (1939) as the Culebra Re-entrant (Fig. 
1.2, Fig. 2.1) (Appendix A). Ten samples were also collected from the Spanish Peaks area. Rock 
samples with minimal alteration were collected for geochronologic and mineral and geochemical 
analysis (Appendix A). UTM coordinates were recorded for the location of each area sampled 
and overlain on a topographic map (Fig. 2.1, Fig. 2.2).  
2.2 Analytical Methods 
 Samples were selected for mineral and whole rock chemical characterization, 40Ar/39Ar 
geochronology and U/Pb zircon geochronology (Fig. 2.3) based on the location of the sample, 
minerals present, amount of alteration, and rock type. Polished thin sections were prepared for 67 
of the samples that represented all the spatial areas investigated as well as the main rock types 
identified in hand sample. Optical microscopy was used to characterize mineralogy, textures and 
the degree of alteration of each sample. The samples selected for geochemical analysis had no to 
minimal alteration as did the minerals used for geochronology. 
    2.2.1 Scanning Electron Microscope Analyses 
 Prior to any microanalytical work, polished thin sections were imaged by backscattered 
electrons (BSE) using a JEOL JSM-840A scanning electron microscope (SEM) at Louisiana 
State University. BSE images of amphibole, biotite, pyroxene, and plagioclase resulted in
15
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Figure 2.1: Topographic map showing the location of samples collected for this study. Each blue dot represents a site at 
which multiple samples were collected. 
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              Figure 2.2: (A) and (B) Magnified images of sample locations shown in Fig. 2.1. 
(A) 
(B) 
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    Figure 2.3: Topographic maps showing the locations of samples selected for (A) Whole rock analyses (B)  
    Mineral chemical analyses (C) 40Ar/39Ar geochronology and (D) U/Pb zircon geochronology. BP = Blanca Peak. 
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additional textural and chemical zoning information and provided a base map for electron 
microprobe analyses.  
    2.2.2 Electron Microprobe Analyses (EMPA) 
Quantitative microanalytical EMP analyses were obtained using wavelength-dispersive 
spectrometry (WDS) on a JEOL 733 Superprobe at LSU and a JEOL 8200 EMP at the 
University of Texas (UT) at Austin. At LSU, samples were analyzed using an accelerating 
potential of 15 kV, a beam current of 10 nA, and a 10 μm focused electron beam. At UT, 
samples were analyzed using an accelerating potential of 15 kV, a beam current of 12 nA on 
brass, and a 10 µm focused electron beam. At LSU, amphibole and biotite were analyzed for the 
elements Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Ba, Na, K, F, and Cl; feldspar was analyzed for the 
elements Si, Al, Ca, Ba, Na, and K; and pyroxene was analyzed for the elements Si, Ti, Al, Cr, 
Fe, Mn, Mg, Ca, Na, and K. At UT, amphibole and biotite were analyzed for the elements Si, Ti, 
Al, Fe, Mn, Mg, Ca, Ba, Na, K, F, and Cl; feldspar was analyzed for the elements Si, Al, Ca, Ba, 
Na, K, and Sr; and pyroxene was analyzed for the elements Si, Ti, Al, Fe, Mn, Mg, Ca, Na, and 
K. A series of well-characterized minerals were used as standards (Table 2.1, Table 2.2). Three 
grains of each mineral were analyzed per sample and five to ten spots were analyzed on each 
grain. Standards were analyzed as unknowns between each sample analysis to maintain quality 
of the analyses. 
Two samples were also analyzed with both the LSU and UT Austin EMP to maintain 
internal consistency. Detection limits at UT are as follows: SiO2 = 0.01, Al2O3 = 0.01, TiO2 = 
0.01, FeO = 0.01, MnO = 0.01, MgO = 0.01, CaO = 0.01, BaO = 0.01, Na2O = 0.01, K2O = 0.01, 
and SrO = 0.02 wt. %. Detection limits at LSU are as follows: SiO2 = 0.02, Al2O3 = 0.02, TiO2 = 
0.02, FeO = 0.05, MnO = 0.03, MgO = 0.02, CaO = 0.02, BaO = 0.04, Na2O = 0.02-0.03, and 
K2O = 0.02 wt. %. 
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           Table 2.1: Mineral standards used for EMPA at LSU 
 Amphibole/Biotite  Pyroxene Feldspar  
Si Kakanui Hornblende Kakanui Augite Toronto Albite 
Ti Kakanui Hornblende Kakanui Hornblende * 
Al Kakanui Hornblende Kakanui Augite Lake County Plagioclase 
Cr Smithsonian Chromite Smithsonian Chromite * 
Fe Kakanui Hornblende Johnstown Hypersthene * 
Mn Toronto Rhodonite Smithsonian Ilmenite * 
Mg Kakanui Hornblende Johnstown Hypersthene * 
Ca Kakanui Hornblende Kakanui Augite Lake County Plagioclase 
Ba Toronto Sanidine * Toronto Sanidine 
Na Kakanui Hornblende Kakanui Hornblende Toronto Albite 
K 
Kakanui Hornblende / 
Toronto Biotite 
Kakanui Hornblende 
Toronto Sanidine 
F Smithsonian Fluorapatite * * 
Cl Toronto Tugtupite * * 
       * not determined 
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Table 2.2: Mineral and glass standards used for EMPA at UT Austin 
 Amphibole/Biotite Pyroxene Feldspar 
Si Kakanui Hornblende Orthoclase Orthoclase 
Ti Benitoite TiO2 * 
Al Kakanui Hornblende Anorthite Glass Anorthite Glass 
Fe Kakanui Hornblende Fayalite * 
Mn Mn Garnet Mn Garnet * 
Mg Kakanui Hornblende Enstatite * 
Ca Kakanui Hornblende Anorthite Glass Anorthite Glass 
Ba Benitoite * Barium Glass 
Na Amelia Albite Amelia Albite Amelia Albite 
K Orthoclase Orthoclase Orthoclase 
F Smithsonian Fluorapatite * * 
Cl Scapolite * * 
Sr * * Strontium Glass 
  * not determined 
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Weight percent oxide analyses were then normalized to atoms per formula unit. Feldspar 
analyses were normalized on the basis of 8 oxygen atoms and pyroxene on the basis of 6 oxygen 
atoms. Biotite was normalized on the basis of 22 oxygen atoms which assume full occupancy of 
the hydroxyl site with OH- and F-. Amphibole was normalized on the basis of 13 total cations 
(excluding Ca, Na, K and Ba) and Fe3+ was calculated by charge balance. 
    2.2.3 Major and Trace Element Whole Rock Geochemistry (XRF, ICP-MS) 
 2.2.3.1 Sample Preparation 
 Twenty-two samples were selected for major and trace element whole rock geochemical 
analysis (Fig. 2.2A). To prepare the samples for analysis, slabs were cut from the rock samples to 
minimize contamination and maximize homogeneity, and washed with tap water to remove any 
foreign rock particles, then dried with high pressure air. The slabs were crushed by hand with a 
porcelain mortar and pestle and then placed in a shatterbox for 3 minute intervals. The mortar 
and pestle and shatterbox were cleaned with soap and water, rinsed with acetone and dried 
between each sample to prevent cross contamination. The powdered samples were placed in 
clean glass vials and sent to SGS Minerals Services, Toronto, Canada for analysis. 
 2.2.3.2 X-Ray Fluorescence (XRF) Analysis for Major Elements 
 Major elements were analyzed for bulk samples by XRF. According to SGS Minerals 
Services (personal communication, June 2008), samples were analyzed in units of wt% for: (1) 
ten oxides including aluminum oxide (Al2O3), calcium oxide (CaO), chromium oxide (Cr2O3), 
iron oxide (Fe2O3), magnesium oxide (MgO), manganese oxide (MnO), phosphorus oxide 
(P2O5), potassium oxide (K2O), sodium oxide (Na2O), titanium oxide (TiO2); and (2) volatiles 
based on loss on ignition (LOI). The limit of quantification (LOQ) values are listed in Table 2.3. 
LOQ is the minimum concentration that can be precisely measured. The typical sample size is 
2.00 grams. Crushed and pulverized rock samples are pre-dried at a range between 75oC – 90oC  
22
 
 
Table 2.3: Oxides for XRF analysis with LOQ values 
Oxide LOQ 
Al2O3 0.026% 
CaO 0.049% 
Cr2O3 0.01% 
Fe2O3 0.05% 
K2O 0.02% 
MgO 0.11% 
MnO 0.02% 
Na2O 0.040% 
P2O5 0.01% 
SiO2 0.035% 
TiO2 0.02% 
LOI 0.01% 
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to eliminate adsorbed water, ignited at 950oC+/-50oC and then fused with 50% lithium 
metaborate (LiBO2) and 50% lithium tetraborate (Li2B4O7) in a fluxer to produce a glass disc.  
 The glass disc is analyzed on the sequential XRF spectrometer.  The fused glass discs are 
irradiated with x-rays from the x-ray tube creating secondary x-rays emitted from the sample that 
are counted and used to determine the concentrations of the elements.  Quantitative 
determination is made possible through previously prepared calibration standards. 
 For data reduction, the results are exported via computer to the Laboratory Information 
Management System (LIMS CCLAS EL) with secure audit trail.  The system computer performs 
all necessary calculations automatically to calculate the % oxide for each element and the % total 
major content of the sample. The LOI is included in the total.  
 For quality control, a blank is analyzed with every new batch of flux. An SGS in-house 
reference material is analyzed every 55 samples and one duplicate analysis is done every 12 
samples. All quality control samples are verified using LIMS. The acceptance criteria are 
statistically controlled and control charts are used to monitor accuracy and precision. Data that 
falls outside the control limits is investigated and repeated as necessary. 
2.2.3.3 Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) for Trace Elements 
Trace elements were analyzed on bulk samples using ICP-MS by SGS Minerals Services. 
According to SGS Minerals Services (personal communication, June 2008), samples were 
analyzed in units of ppm for the following trace elements: silver (Ag), cerium (Ce), cobalt (Co), 
cesium (Cs), copper (Cu), dysprosium (Dy), erbium (Er), europium (Eu), gallium (Ga), 
gadolinium (Gd), hafnium (Hf), holmium (Ho), lanthanum (La), lutetium (Lu), molybdenum 
(Mo), niobium (Nb), neodymium (Nd), nickel (Ni), praseodymium (Pr), rubidium(Rb), samarium 
(Sm), tin (Sn), tantalum (Ta), terbium (Tb), thorium (Th), thallium (Tl), thulium (Tm), uranium 
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(U), vanadium (V), tungsten (W), ytterbium (Yb), and zirconium (Zr). LOQ values are listed in 
Table 2.4. The typical sample size is 0.10 grams. 
The crushed and pulverized rock samples are fused by lithium metaborate and dissolved 
using dilute HNO3. The fused solution sample is aspirated into the ICP-MS where the ions are 
measured and quantified according to their unique mass. The results are exported via computer 
onto the LIMS CCLAS EL with secure audit trail. 
For quality control, the ICP-MS is calibrated with each work order. An instrument blank 
and calibration check are analyzed with each run. One preparation blank and reference material 
are analyzed every 46 samples and one duplicate analysis is done every 12 samples.  All quality 
control samples are verified using LIMS. The acceptance criteria are statistically controlled and 
control charts are used to monitor accuracy and precision. Data that falls outside the control 
limits is investigated and repeated as necessary. 
    2.2.4 Mineral Separations for Geochronology 
High purity mineral separates (>98% purity) of amphibole, biotite, and plagioclase were 
obtained for 40Ar/39Ar geochronology and zircon separates were obtained for U/Pb 
geochronology. For both separation techniques, the rock samples were cut into small chips using 
a rock saw with water. The chips were rinsed with tap water to remove any foreign particles and 
then dried with high-pressure air. Once dry, the chips were pulverized using a rock crusher. The 
rock crusher was disassembled, scrubbed with a wire brush and cleaned with acetone and 
pressurized air between each sample to prevent cross contamination.   
2.2.4.1 Mineral Separation for 40Ar/39Ar Geochronology 
Eight samples were selected for 40Ar/39Ar geochronology (Fig. 2.2C). After crushing the 
samples, they were sieved to: ≤ 30 mesh, 32-45 mesh, 46-60 mesh, 62-80 mesh, 82-100 mesh, 
and > 100 mesh (590 – 150 μm). Cleaning the sieves between samples followed this procedure: 
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Table 2.4: Trace elements for ICP-MS analysis with LOQ values 
Element  LOQ  (ppm) 
Ag 1.00 
Ce 0.10 
Co 0.50 
Cs 0.10 
Cu 5.00 
Dy 0.05 
Er 0.05 
Eu 0.05 
Ga 1.00 
Gd 0.05 
Hf 1.00 
Ho 0.05 
La 0.10 
Lu 0.05 
Mo 2.00 
Nb 1.00 
Nd 0.10 
Ni 5.00 
Pr 0.05 
Rb 0.20 
Sm 0.10 
Sn 1.00 
Ta 0.50 
Tb 0.05 
Th 0.10 
Tl 0.50 
Tm 0.05 
U 0.05 
V 5.00 
W 1.00 
Yb 0.10 
Zr 0.50 
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pressurized air was used to remove fine dust, a wire brush and needle knocked away any grains 
stuck in the mesh and Chemwipes cleaned the residue. The different grain sizes were examined 
under a binocular microscope to determine which size range contained the most abundant 
targeted mineral grains with minimal composite grains, inclusions and alteration.  The optimal 
grain sizes were typically 62-80, 82-100, and 46-60 mesh.  
Minerals targeted for 40Ar/39Ar geochronology were then separated using a Frantz 
magnetic separator, model L-1. The highly magnetic minerals, or hand magnetics, were 
separated first by setting the Frantz to 1.75 amps with 0° tilt and taping a paper funnel across the 
magnet. The sample was poured into the funnel across the magnet causing the hand magnetics to 
stick to the side of the funnel. Once the hand magnetics were separated, the Frantz tilt was set to 
15° and the current to 0.4 amps. The non-hand magnetics were run through the Frantz in order to 
separate the mafic (magnetic) and felsic (non-magnetic) minerals. The Frantz was disassembled 
and cleaned with pressurized air and Chemwipes between each sample to prevent cross 
contamination.  
To concentrate plagioclase, the previously separated felsic minerals were run through the 
Frantz at a 15° tilt with a current of 1.0 amp and then 1.75 amps. The separated plagioclase was 
washed with tap water to remove fine particles and then placed in an ultrasonic bath for 12 hours 
to separate any composite grains. Finally the sample was rinsed with tap water, then acetone and 
oven dried. 
The separated mafic components typically consisted of biotite and/or amphibole along 
with magnetite and felsic components (quartz, plagioclase) that usually contained amphibole or 
magnetite inclusions. Bromoform was used to separate biotite and amphibole from the other 
minerals due to density differences. The biotite and amphibole were washed with tap water, then 
acetone and oven dried. 
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Once dried, biotite was separated from amphibole by hand shaking. If there was a size 
difference between the two minerals then the sample was sieved. The biotite and amphibole 
samples were then placed in an ultrasonic bath for 15 minutes and 12 hours, respectively, to 
separate any composite grains. They were washed with tap water, then acetone and oven dried. 
To assure the mineral separates were of high purity, additional separation was done by hand 
picking under a binocular microscope. 
After mineral separation was complete, the samples were washed with tap water, soaked 
in acetone for 15 minutes to remove any organic material and given a final rinse with ethanol and 
distilled water. Samples were oven dried and each stored in a clean glass vial. 
2.2.4.2 Zircon Separation for U/Pb Geochronology 
 Five samples were selected for U/Pb zircon geochronology (Fig. 2.2D). Zircon separation 
techniques first involved crushing the rock samples as described previously in the Mineral 
Separations section. In addition to crushing, the samples required further pulverizing using a 
shatterbox for 1 minute intervals. The shatterbox was cleaned between each sample as described 
previously. Next the samples were sieved using 30 and 80 mesh sieves. The sieves were cleaned 
between each sample as described previously in the 40Ar/39Ar mineral separations section. 
The portion of the sample that was >80 mesh was recovered and washed with tap water to 
remove fine particles, then rinsed with acetone and oven dried. Once dry, LST heavy liquid (ρ = 
2.58) was used to separate zircon. Apatite was also present in the samples so the dense material 
typically consisted of zircon and apatite. The dense minerals were washed with tap water to 
remove the heavy liquid and oven dried.  
The zircon grains were hand separated from apatite using a binocular microscope and 
mounted for imaging and analysis. 
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    2.2.5 Geochronology 
The mineral separates for 40Ar/39Ar geochronology were irradiated for seven hours in the 
D-3 position at the Nuclear Science Center, College Station, Texas. Neutron fluence was 
monitored using sanidine standard FC-2 (Fish Canyon Tuff) with an assigned age of 28.02 Ma 
(Renne et al., 1998). Argon isotopic compositions were measured at the New Mexico 
Geochronology Research Laboratory using procedures of McDougall and Harrison (1999).  
U-Pb geochronology of zircons was conducted by laser ablation multicollector 
inductively coupled plasma mass spectrometry (LA-MC-ICPMS) at the Arizona LaserChron 
Center by Dan Miggins. According to Dan Miggins (personal communication, February 2009), 
the analyses involve ablation of zircon with a New Wave/Lambda Physik DUV193 Excimer 
laser (operating at a wavelength of 193 nm) using a spot diameter of 35 microns. The ablated 
material is carried with helium gas into the plasma source of a GV Instruments Isoprobe, which 
is equipped with a flight tube of sufficient width that U, Th, and Pb isotopes are measured 
simultaneously. All measurements are made in static mode, using Faraday detectors for 238U and 
232Th, an ion-counting channel for 204Pb, and either faraday collectors or ion counting channels 
for 208-206Pb. Ion yields are ~1 mv per ppm. Each analysis consists of one 20-second integration 
on peaks with the laser off (for backgrounds), 20 one-second integrations with the laser firing, 
and a 30 second delay to purge the previous sample and prepare for the next analysis. The 
ablation pit is ~15 microns in depth. 
For each analysis, the errors in determining 206Pb/238U and 206Pb/204Pb result in a 
measurement error of ~1% (at 2-sigma level) in the 206Pb/238U age. The errors in measurement of 
206Pb/207Pb and 206Pb/204Pb also result in ~1% (2-sigma) uncertainty in age for grains that are 
>1.0 Ga, but are substantially larger for younger grains due to low intensity of the 207Pb signal. 
For most analyses, cross-over in precision of 206Pb/238U and 206Pb/207Pb ages occur at ~1.0 Ga. 
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Common Pb correction is accomplished by using the measured 204Pb and assuming an 
initial Pb composition from Stacey and Kramers (1975) (with uncertainties of 1.0 for 206Pb/204Pb 
and 0.3 for 207Pb/204Pb). Our measurement of 204Pb is unaffected by the presence of 204Hg 
because backgrounds are measured on peaks (thereby subtracting any background 204Hg and 
204Pb) and because very little Hg is present in the argon gas. 
Inter-element fractionation of Pb/U is generally ~20%, whereas fractionation of Pb 
isotopes is generally <2%. In-run analysis of fragments of a large zircon crystal (generally every 
fifth measurement) with known age of 564 ± 4 Ma (2-sigma error) is used to correct for this 
fractionation. The uncertainty resulting from the calibration correction is generally ~1% (2-
sigma) for both 206Pb/207Pb and 206Pb/238U ages. 
The analytical data are reported in Appendix F. Uncertainties shown in these tables are at 
the 1-sigma level, and include only measurement errors. The reported ages are determined from 
the weighted mean (Ludwig, 2003) of the 206Pb/238U or 206Pb/207Pb ages of the concordant and 
overlapping analyses (Appendix F). Two uncertainties are reported on these plots. The smaller 
uncertainty (labeled “mean”) is based on the scatter and precision of the set of 206Pb/238U or 
206Pb/207Pb ages, weighted according to their measurement errors (shown at 1-sigma). The larger 
uncertainty (labeled “age”), which is the reported uncertainty of the age, is determined as the 
quadratic sum of the weighted mean error plus the total systematic error for the set of analyses. 
The systematic error, which includes contributions from the standard calibration, age of the 
calibration standard, composition of common Pb, and U decay constants, is generally ~1-2% (2-
sigma). 
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CHAPTER 3.   RESULTS 
3.1 Major Volcanic Clast Rock Types 
 Based on hand sample and petrographic analysis, six major rock types were 
distinguished for the volcanic clasts in the Santa Fe Group (Appendix B). These rock types 
formed the basis for interpretation of the provenance and are described below together with 
chemical and geochronologic data presented subsequently. Table 3.1 provides the names, 
formulae, and abbreviations for the minerals observed in the different rock types and will aid in 
the descriptions. 
    3.1.1 Type 1 
 The most abundant clast type that occurs in all the sampled outcrops is a light gray, 
phaneritic clast with visible plagioclase and amphibole grains in hand sample (Fig. 3.1A). All the 
clasts are porphyritic and mineral and textural variations within these clasts suggest three 
subtypes.  
Subtype 1 has petrographic mineral modal estimates of 15-30% plagioclase phenocrysts, 
10-20% amphibole, 3-5% titanomagnetite, 0-3% clinopyroxene, 0-1% biotite and trace amounts 
of titanite, apatite, and zircon (Fig. 3.1B, C). These clasts contain green amphiboles and matrix 
textures range from glassy to trachytic, with the latter involving plagioclase microlites. Some 
clasts have carbonate alteration of plagioclase, minor biotitization of amphibole and secondary 
anhedral zeolite-filling voids. The plagioclase phenocrysts are euhedral, tend to be 
glomeroporphyritic and many grains have oscillatory zoning. The amphibole phenocrysts have 
light to dark green pleochroism with some grains showing compositional zoning and simple 
twinning. In some clasts the mineral grains are aligned (Fig. 3.1B, C). Pale-green, euhedral 
clinopyroxene phenocrysts occur in minor amounts. Brown, euhedral biotite is present in trace 
amounts. 
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Table 3.1: Important mineral names, formulae, and abbreviations 
                   (after Kretz, 1983) 
Mineral Name General Mineral Formula 
Amphibole (Am) NaCa2(Mg,Fe)4Fe3+Si6Al2O22(OH)2 
Plagioclase (Pl) (Na,Ca)(Si,Al)4O8 
Alkali feldspar (Kfs) (K,Na)AlSi3O8 
Olivine (Ol) (Mg,Fe)2SiO4 
Pyroxene (Px) Ca(Mg,Fe)Si2O6 
Magnetite (Mt) Fe3O4 
Titanomagnetite (Tmt) Fe(Fe,Ti)2O4 
Titanite (Ttn) CaTiSiO5 
Iddingsite (Id) MgFe2+2Si3O10·4(H2O) 
Hematite (Hem) Fe2O3 
Zircon (Zrn) ZrSiO4 
Glass (Gl) ~K(Mg,Fe)(Si,Al)O2 
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Figure 3.1: Type 1 subtype 1 clast, sample 
SLB-07-13F. (A) Hand sample with 
visible amphibole (dark) and plagioclase 
(white) phenocrysts. (B) Photomicrograph 
in plane polarized light (PPL) showing  
amphibole grains that are aligned. (C)  
Same view as (B) in cross-polarized light  
(XPL) showing a trachytic matrix texture. 
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Subtype 2 consists of 30-50% plagioclase phenocrysts, 5-25% amphibole, 3-10%  
clinopyroxene; 3-7% titanomagnetite, 0-1% biotite and trace amounts of apatite and zircon (Fig. 
3.2). In contrast to subtype 1, these clasts have orange to red-brown amphiboles. Some of the 
amphiboles have zoning and simple twins similar to subtype 1. Euhedral plagioclase phenocrysts 
are more abundant here than in subtype 1 and can be glomeroporphyritic, but not as typical as in 
subtype 1. Plagioclase displays oscillatory zoning. There are more clinopyroxene phenocrysts 
than in subtype 1 and these are euhedral and pale-green with some simple twinning. The matrix 
has a felty texture with some clasts having minor carbonate alteration and minor to extensive 
hematite alteration, whereas others are unaltered.  
 Subtype 3 consists of 30-35% plagioclase, 20-25% amphibole, 3-15% biotite, 2-5 
titanomagnetite, 0-2% clinopyroxene, and trace amounts of apatite and zircon (Fig. 3.3). This 
subtype contains amphiboles that range from orange to brown in color, similar to subtype 2. 
Some of the amphibole grains have zoning and simple twins. Some plagioclase phenocrysts 
display oscillatory zoning and are euhedral, but not glomeroporphyritic as in subtype 1 or 2. 
Clinopyroxene is euhedral, pale-green and occurs in minor amounts. These clasts differ from 
subtype 2 because they have greater amounts of biotite and lesser amounts of plagioclase and 
clinopyroxene. The matrix is cryptocrystalline consisting mostly of devitrified glass, whereas 
subtype 2 has a felty matrix texture.  
    3.1.2 Type 2 
Type 2 clasts have a more mafic composition composed of olivine altered to iddingsite, 
plagioclase, pyroxene, and magnetite. Within this clast type, mineral and textural variation 
amongst clasts suggests three subtypes.  
Subtype 1 is composed of 70-90% trachytic plagioclase microlites. It is vesicular with 
secondary carbonate filling some voids. In the matrix, small (~20 μm) olivine grains have 
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      Figure 3.2: Type 1 subtype 2 clast, sample SLB-07-18K. (A) Hand sample with visible amphibole (black) and plagioclase (white).  
      (B-C) Photomicrographs in PPL. (D) Same view as (C) in XPL. 
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Figure 3.3: Type 1 subtype 3 clast, sample SLB-07-12B. (A) Hand sample with visible amphibole (black). (B-C) 
Photomicrographs in PPL. (D) Same view as (C) in XPL. 
(A) (B) 
(C) (D) 
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completely altered to iddingsite (Fig. 3.4B). The tabular crystal form is preserved in most grains. 
Some clasts have larger (~ 300 μm) olivine grains that are only partially altered to iddingsite 
(Fig. 3.4C).  
Subtype 2 has approximately 30% clinopyroxene, 20% plagioclase phenocrysts and 5-
10% magnetite with a felty plagioclase matrix (Fig. 3.5). Olivine is absent from subtype 2. Some 
of the plagioclase grains have sericite alteration and there is a minor amount of carbonate in the 
matrix of some clasts. 
Subtype 3 has approximately 60% plagioclase phenocrysts, 20% clinopyroxene, 5% 
small olivine grains completely altered to iddingsite, 10% magnetite, and a matrix of altered 
glass (Fig. 3.6). The plagioclase phenocrysts are smaller than in the other subtypes.  
The Ojito Creek quadrangle has a large abundance of type 2 clasts as well as basalts. 
These type 2 clasts are also present in the Trinchera Ranch and Russell quadrangles to lesser 
extents.  
    3.1.3 Type 3 
Fine-grained volcanic clasts occurred in all the outcrops sampled and make up the type 3 
clasts (Fig. 3.7A). They are characterized by a trachytic matrix texture composed of plagioclase 
microlites or a predominantly devitrified glass matrix (Fig. 3.7B), with a low abundance of 
phenocryst phases (amphibole (0-20%), plagioclase (3-10%) and magnetite (3-5%) with trace 
amounts of apatite). The amphiboles are green in some clasts and orange-brown in others. Clasts 
with orange-brown amphiboles are more altered than the clasts with green amphiboles. Many 
samples also have amphibole phenocrysts that are aligned in 1 or 2 directions. There is minor 
sericite alteration to some of the plagioclase phenocrysts, but many are unaltered and display 
oscillatory zoning and/or albite twinning.   
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Figure 3.4: Type 2 subtype 1 clast, sample SLB-07-31B. (A) Hand 
sample with visible plagioclase (white). (B) An olivine crystal, 
completely replaced by iddingsite, surrounded by a trachytic 
plagioclase matrix with iddingsite and altered glass. (C) Larger 
olivine grain partially replaced by iddingsite. 
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        Figure 3.5: Type 2 subtype 2 clast, sample  
        SLB-07-14K. (A) Hand sample showing  
        plagioclase (white) and pyroxene (black) 
        phenocrysts. (B) Photomicrograph in PPL  
        and (C) XPL. (Note: black circles are air  
        bubbles in the epoxy) 
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Figure 3.6: Type 2 subtype 3 clast, sample SLB-07-10I. 
(A) Hand sample with visible pyroxene (black) phenocrysts. 
(B) Photomicrograph in PPL and (C) XPL.  
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Figure 3.7: Photos of a type 3 clast, sample SLB-07-18H. (A) Hand sample with 
visible phenocrysts of black amphibole (1-2 mm). (B) Photomicrograph in PPL  
showing orange amphibole in a trachytic matrix of plagioclase microlites and  
minor amounts of glass. The amphibole has hematite alteration at the rim. 
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  3.1.4 Type 4 
Type 4 consists of black porphyritic clasts with visible white feldspar phenocrysts in 
hand sample (Fig. 3.8A). Petrography reveals that these clasts are composed of large phenocrysts 
(~2.0 mm) of plagioclase (25-35%), biotite (0-10%), magnetite (3%) and trace amounts of 
apatite and zircon. The matrix is predominantly devitrified glass. Many samples have significant 
alteration; there is almost complete chloritization of amphibole and biotite (Fig. 3.8B). No 
amphiboles are preserved in these samples, but fresh biotite is present. Type 4 clasts were 
observed and collected from the Russell and Fort Garland quadrangles. 
    3.1.5 Type 5 
 Type 5 consists of intermediate composition clasts divided into 2 subtypes. Subtype 1 is 
composed of 15-30% plagioclase phenocrysts, 5-15% amphibole, 5-15% clinopyroxene, 3-5% 
magnetite and trace amounts of apatite (Fig. 3.9). The matrix consists of felty to trachytic 
plagioclase microlites and devitrified glass. These clasts contain more clinopyroxene and less 
amphibole than type 1 and the hand samples of type 5 clasts are darker in color. All the 
amphibole phenocrysts are a brown-orange color and have minor-to-extensive oxidation reaction 
rims. The plagioclase phenocrysts are relatively unaltered.  Some grains display oscillatory 
zoning and most have albite and carlsbad twins. Some of the clinopyroxene phenocrysts have 
altered rims, but most are unaltered and have simple twinning. 
 Subtype 2 is similar to subtype 1, but it contains biotite. Mineral estimates are 20-30% 
plagioclase phenocrysts, 10-15% amphibole, 3-10% clinopyroxene, 3-5% biotite, 3-5% 
titanomagnetite and trace amounts of apatite and zircon (Fig. 3.10). The matrix consists of felty 
to trachytic plagioclase microlites and devitrified glass. The amphiboles are yellow-green and are 
relatively unaltered, which differs from subtype 1. The plagioclase grains have minor alteration 
and display oscillatory zoning. The biotite and clinopyroxene are unaltered. 
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Figure 3.8: Photos of a type 4 clast, sample SLB-07-36C. (A) Hand sample with visible 
plagioclase phenocrysts. (B) Photomicrograph in PPL with visible chloritization of 
amphibole and biotite. Blue is epoxy 
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Figure 3.9: Type 5 subtype 1 clast, sample SLB-07-14I. (A) Hand sample with visible amphibole (black) and plagioclase   
(white). (B-C) Photomicrographs in PPL showing variation in grain size. (D) Same view as (C) in XPL. Cb = Carbonate mineral. 
Pl 
Px 
Am 
Pl 
Am 
Px 
Pl 
Am 
Px 
(A) (B) 
(C) (D) 
Cb 
44
 
 
 
          
Pl 
Am 
Px 
Pl 
Am 
Pl 
Am 
Tmt (A) (B) 
(C) (D) 
Figure 3.10: Type 5 subtype 2 clast, sample SLB-07-32C. (A) Hand sample with visible plagioclase (white). (B-C) 
Photomicrographs in PPL. (D) Same view as (C) rotated ~45˚ counterclockwise in XPL. 
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    3.1.6 Rhyolite 
 There were only two rhyolite samples collected as this rock type was rarely seen in 
outcrop. These were only observed and collected from the Ojito Creek Quadrangle. Petrographic 
analysis shows a composition of 40% alkali feldspar phenocrysts, 3% plagioclase phenocrysts 
and a matrix composed primarily of devitrified glass (Fig. 3.11). The alkali feldspars have either 
no zoning, Carlsbad twinning, or sector zoning and occur in two different grain sizes (150 μm 
and 500 μm – 1 mm). The plagioclase grains have albite twinning and all feldspars and matrix 
have minor alteration.  
3.2 Whole Rock Geochemistry 
 Major and trace element compositions were determined for 22 representative samples of 
the Santa Fe Group volcanic clasts to compare with rocks from possible source areas (Appendix 
C).   
    3.2.1 Major Elements 
             Volcanic rocks are typically classified based on the IUGS total alkali (Na2O+K2O) 
versus silica (TAS) diagram (Fig. 3.12). Rocks falling in the range of trachybasalt, basaltic 
trachyandesite, and trachyandesite can be further subdivided based on whether Na2O – 2.0 is ≥ or 
< K2O. The SLB volcanic clasts analyzed in this study are classified as trachybasalt (n=2), 
basaltic trachyandesite (n=2), trachyandesite (n=12), trachyte/trachydacite (n=5), and rhyolite 
(n=1) (Fig. 3.13). These clasts all have values of Na2O – 2.0 < K2O, indicating they can be 
further subdivided as follows: trachybasalt = potassic trachybasalt, basaltic trachyandesite = 
shoshonite, and trachyandesite = latite (Le Bas et al., 1986). Trachyte and trachydacite are 
differentiated based on the following formula: 
q = normative 100 * Q / (Q + or + ab + an) 
where Q = normative quartz, or = normative orthoclase, ab = normative albite, and an =
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Figure 3.11: Rhyolite clast, sample SLB-07-28D. (A) Hand sample photo (B-C) Photomicrographs in PPL. White minerals are 
alkali feldspar (Kfs) (D) Same view as (C) in XPL.
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normative anorthite (Le Bas et al., 1986). If q < 20%, the rock is trachyte; if q > 20%, the rock is 
trachydacite. For the five SLB clasts in the trachyte/trachydacite classification, three are trachyte 
and two are trachydacite.  
The dashed line on the TAS diagram approximates alkalinity, with alkaline rocks above 
the line and subalkaline rocks below the line. An AFM diagram is used for subalkaline rocks to 
distinguish between tholeiitic and calc-alkaline compositions. The SLB volcanic clasts that are 
subalkaline (based on the TAS diagram) have been plotted on an AFM diagram (Fig. 3.14). This 
diagram shows that these clasts are of calc-alkaline composition.  
The SLB volcanic clasts have a wide range of SiO2, 49 to 74 wt %, whereas the alkalis 
are more constrained and range from ~6 to 9 wt % (Fig. 3.13). Significant variation occurs in 
CaO (2.41 – 9.46 wt %) and Fe2O3 (1.00 – 12.40 wt %) with minor Al2O3 variation (Fig. 3.15). 
CaO, Fe2O3, TiO2, MgO, and P2O5 decrease with increasing SiO2, while Na2O and K2O increase 
and Al2O3 remains relatively constant.  High P2O5 likely indicates the presence of significant 
amounts of apatite. 
    3.2.2 Trace Elements 
Chondrite-normalized trace element variation (Fig. 3.16) shows that most samples are 
enriched in light rare earth elements (LREE) (La/Sm)N  = 2.30 – 5.73 and depleted in heavy rare 
earth elements (HREE) (Tb/Yb)N  = 1.47 – 2.25. The estimated slope of the curves is given by 
(La/Lu)N  = 5.09 – 19.16. The exception is the rhyolite sample (SLB-07-28D) that has lower 
LREE and higher HREE with a significant negative europium anomaly. However, the very high 
rhyolite RbN value of 1242.86 indicates possible contamination by a crustal component. The 
more evolved rocks (e.g. trachydacites) have lower total REEs than the more primitive rocks 
(e.g. trachybasalts) (Fig. 3.16). Most samples have a minor negative europium anomaly, which 
suggests plagioclase was present in the source, but some also lack a europium anomaly.  
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                   Figure 3.14: AFM diagram for the subalkaline SLB volcanic clasts only. 
                   Tholeiitic/calc-alkaline dividing line from Irvine and Baragar (1971).  
                   FeO* = total iron (FeO + Fe2O3) 
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Figure 3.16: Chondrite-normalized REE diagram for SLB clasts. With the exception of 
one rhyolite sample, all are LREE enriched. Chondrite normalization values taken from 
Nakamura (1974).  
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3.3 Mineral Chemistry 
 Mineral chemical data were collected for 16 samples from the Santa Fe Group in the 
eastern San Luis Basin, three Spanish Peaks samples and one San Juan volcanic field sample. 
Amphibole, biotite, pyroxene and feldspar were chemically characterized when present in the 
samples (Appendix D) as they are the most likely provenance indicators. Because of the large 
chemical variability possible in amphiboles, they may provide an important tool for provenance 
studies. 
    3.3.1 Amphibole 
Amphibole chemistry was determined for eight SLB samples that are classified as 
trachyandesites and trachydacites (types 1, 3 and 5) and one Spanish Peaks sample (type 5). All 
amphiboles analyzed are calcic (Ca > 1.50 atoms per formula unit (apfu)) and are classified as 
magnesiohastingsites (ideal formula NaCa2(Mg,Fe)4Fe3+Si6Al2O22(OH)2) (Fig. 3.17), based on 
the classification scheme of Leake et al. (1997). Fe3+ is calculated by charge balance. For this 
classification the following parameters must be met: Ti < 0.50 apfu, (Na+K)A > 0.50 apfu, Si = 
5.5 – 6.5 apfu, Mg/(Mg + Fe2+) = 0.5 – 1.0 apfu and AlVI < Fe3+. These amphiboles also contain 
minor amounts of Cl (0.01 – 0.04 apfu) and Mn (0.01 – 0.05 apfu) (Appendix D). Most of the 
amphiboles are compositionally homogeneous, but samples SLB-07-36D and SLB-07-12B show 
compositional variation of ~0.5 apfu in Fe and Mg. The major cationic substitutions within all 
the samples can be expressed as Mg2+ ↔ Fe2+ and  + Si4+ ↔ Na+ + Al3+, where  = vacancy. 
Amphiboles in the SP sample are also magnesiohastingsites, but can be distinguished from the
SLB samples based on Ti and Na contents. The SP analyses cluster at higher Ti vs. Mg/Mg+Fe 
relative to SLB (Fig. 3.18) and Na is also higher (~0.75 – 0.8 apfu) than SLB (~0.5 – 0.7 apfu). 
Complete analyses and the average chemical formulae for SLB and SP samples are given in
Appendix D.
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Figure 3.17: Classification of calcic amphiboles (from Leake et al., 1997). All SLB 
amphiboles (squares and circles) and the SP amphiboles (triangles) are calcic and  
classify as magnesiohastingsite. Squares represent trachyandesites and circles represent 
trachydacites for the SLB samples. The symbols for each sample number represent 3 
amphibole grains with ~5 spots analyzed for each. Error is within the symbol size. 
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Figure 3.18: Amphibole compositional variation diagrams showing the range  
of SLB (squares and circles) and SP (triangles) for (A) Ti vs. Mg/Mg+Fe and  
(B) Na vs. Mg/Mg+Fe. The SP sample has higher Ti and Na contents than the SLB 
samples. Squares represent trachyandesites and circles represent trachydacites for  
the SLB samples. Error is within the symbol size. 
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    3.3.2 Biotite 
 Biotite chemistry was determined for six SLB samples of trachyandesites and 
trachydacites (types 1, 4 and 5) and one SJVF sample (Appendix D). The SLB biotites are 
homogeneous within a sample (Fig. 3.19). The SLB samples appear to be bimodal in Mg/Mg+Fe 
with clusters around 0.65-0.70 and 0.50-0.60 with SJVF in the middle at 0.62. Ba was detected in 
all biotites analyzed (0.06-0.08 apfu) and Ti contents are substantial with a range of 0.49-0.61 
apfu. There are also minor amounts of F, Cl, Mn, Ca and Cr in these biotites (Appendix D). The 
major cationic substitutions can be expressed as VI(Mg, Fe2+) + IVSi4+ ↔ VIAl3+ + IVAl3+ and 
Mg2+ ↔ Fe2+. Complete analyses and the average chemical formulae for each sample are listed 
in Appendix D. 
    3.3.3 Pyroxene 
Pyroxenes were analyzed in seven SLB samples of trachybasalt, basaltic trachyandesite 
and trachyandesite (types 2 and 5) and three SP samples. All samples contain >0.50 Ca (Ca = 
0.74 – 0.92 apfu), consistent with these being clinopyroxenes. Wollastonite (Wo), Diopside (Di) 
and Hedenbergite (Hd) components for SLB clinopyroxenes range as follows: Wo = 50.16 – 
41.74, Di = 41.70 – 29.60 and Hd = 24.54 – 12.35 (Appendix D). All the analyzed 
clinopyroxenes range in compositions from diopside to augite (Fig. 3.20). They also have minor 
amounts of Mn and Ti (Appendix D). There is not significant intragranular compositional 
variation; however there is some intergranular variation in a single rock sample for Al (~0.05 
apfu). Complete analyses and the average chemical formulae are given for each sample in 
Appendix D. 
    3.3.4 Feldspar 
Analysis of 12 SLB samples (types 1-5) and one SJVF sample for feldspar shows the 
presence of predominantly plagioclase feldspar, with the exception of SLB-07-29D which  
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Figure 3.19: Biotite compositional variation diagrams showing the range 
of the SLB (squares and circles) and SJVF (diamonds) for (A) Al vs. 
Mg/Mg+Fe, (B) Ti vs. Mg/Mg+Fe, (C) Ba vs. Mg/Mg+Fe and (D) 
Na vs. Mg/Mg+Fe. The SLB samples cluster on each side of the SJVF 
sample in all plots. Squares represent trachyandesites and circles represent 
trachydacites for the SLB samples. 
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Figure 3.20: A portion of the pyroxene quadrilateral modified by Henry (personal 
communication, December 2008) after Morimoto (1989). All samples analyzed are 
clinopyroxenes and range from diopside to augite. Square symbols are SLB and  
triangles are SP clinopyroxenes. 
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contains co-existing plagioclase and potassium feldspar (Fig. 3.21). The plagioclase feldspars 
have minor amounts of K (0.02 – 0.07 apfu) and are oligoclase, andesine, and labradorite. The 
feldspars show normal (outward decrease in Ab) and reverse (outward decrease in An) 
oscillatory zoning. Also the plagioclase in SLB-07-29D has high potassium rims compared to the 
plagioclase in other samples. Complete analyses and the average chemical formulae for each 
sample are given in Appendix D. 
    3.3.5 Amphibole Thermometry 
Calcic amphiboles, with the assemblage am + pl + Kfs +qtz + il, can also be used as a 
geothermometer to estimate the temperature of amphibole crystallization. As this temperature 
increases, there is typically an increase in Ti contents (Femenias et al., 2006). The amphibole 
temperatures have been calculated for SLB and SP samples (Table 3.2) using the following 
equation from Femenias et al. (2006):   
ln[Ti]amphibole =  2603/T – 1.70  
where [Ti]amphibole is expressed in apfu. The uncertainty ranges from ±15 to ±55 ˚C for 
temperatures of 600 to 1000 ˚C, respectively, based on the thermometer calibration (Femenias et 
al., 2006). The calculated temperatures for the SLB and SP magnesiohastingsites (Table 3.2) 
compare well with temperatures of 800 – 900 ˚C for andesites of Femenias et al. (2006); 
however the SLB and SP samples are missing Kfs, part of the required assemblage, and therefore 
gives a minimum temperature. 
3.4 Geochronology 
 Geochronologic data were collected for 13 volcanic clasts from the Santa Fe Group in the 
eastern SLB (Fig. 2.2C, D). This data consists of eight samples that were analyzed for 40Ar/39Ar 
in biotite and/or amphibole and five samples that were analyzed for U/Pb in zircons.  
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Figure 3.21: Feldspar ternary diagram showing the SLB feldspars are primarily 
plagioclase, but one sample (SLB-07-29D) has coexisting plagioclase and alkali 
feldspar. Each symbol represents the average composition of one feldspar grain per 
sample. 
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      Table 3.2: Temperatures calculated for SLB   
      and SP samples based on amphibole chemistry 
      (See Appendix D for values) 
 
Sample T (˚C) Range 
SLB-07-12B 
Trachyandesite 802 - 822 ± 35-37 
SLB-07-20B 
Trachyandesite 826 ± 37 
SLB-07-21D 
Trachyte 810-818 ± 36-37 
SLB-07-26G 
Trachyandesite 761 - 785 ± 31-33 
SLB-07-32C 
Trachyandesite 818-855 ± 37-40 
SLB-07-34C 
Trachyandesite 821-835 ± 37-38 
SLB-07-36D 
Trachyandesite 820-878 ±37-43 
SP-07-07B 
Trachyandesite 1005-1054 ± 55 
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    3.4.1 40Ar/39Ar in Biotite and Amphibole 
 40Ar/39Ar geochronology was obtained for selected fresh mineral samples. Because these 
are volcanic rocks it is assumed that the ages obtained represent the age of volcanism. As used 
herein, the term "plateau age" refers to two or more contiguous temperature steps with apparent 
dates that are indistinguishable at the 95% confidence interval and represent ≥ 50% of the total 
39ArK released (Fleck et al., 1977). An "integrated age" represents what is inferred to be the best 
estimate of the apparent age for a sample that contains no plateau. Generally, this term is 
restricted to a portion of the age spectrum that shows near concordancy but comprises < 50% of 
the released argon, or the included argon fractions have dates that overlap within three standard 
deviations of the weighted mean. Isochron analysis (York, 1969) was used to assess if extraneous 
radiogenic argon components were trapped in any samples and in some cases to define an 
apparent age of the sample. Incremental heating results and age spectra with apparent ages are 
shown in Appendix E. The apparent ages and errors for the SLB samples are also summarized in 
Table 3.3. Plateau age error is inverse-variance-weighted mean error (Taylor, 1982) multiplied 
by the root mean square of weighted deviations (MSWD) where MSWD > 1. 
High quality plateau ages were obtained for the samples that were dated by biotite. Two 
samples that were dated by amphibole also yielded well-formed plateaus and reliable ages 
(Appendix E). However, some of the amphiboles analyzed appear to be disturbed and probably 
do not represent reliable ages. This is demonstrated in sample SLB-07-26G (Table 3.3) in which 
biotite and amphibole were analyzed. The biotite yielded a well-formed plateau (Appendix E) 
with an apparent age of 34.62 + 0.16 Ma. However, the amphibole has no plateau (Appendix E) 
and an integrated age of 48.76 + 0.21 Ma, which is older than the biotite plateau age. The older 
age for the amphibole is likely due to xenocrystic amphibole contaminants that contain excess 
Ar. Samples SLB-07-18K and SLB-07-19C also appear to have disturbed amphiboles that likely  
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    Table 3.3: 40Ar/39Ar apparent ages for SLB volcanic clasts 
Sample Mineral Type of age Apparent Age (Ma) 
SLB-07-6B Biotite Plateau 31.22 + 0.18 
SLB-07-9C Biotite Plateau 29.07 + 0.12 
SLB-07-18H Amphibole Plateau 35.68 + 0.16 
SLB-07-18K Amphibole Integrated 53.80 + 0.20 
SLB-07-19C Amphibole Integrated 46.60 + 0.30 
SLB-07-26G Biotite 
Amphibole 
Plateau 
Integrated 
34.62 + 0.16 
48.76 + 0.21 
SLB-07-32C Biotite Plateau 31.30 + 0.25 
SLB-07-36D Amphibole Plateau 34.39 + 0.21 
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yielded high integrated ages. Therefore, the integrated ages are not considered reliable and only 
the plateau ages will be further discussed and compared to possible source areas. 
    3.4.2 U/Pb in Zircon 
 Most of the zircons separated from the SLB volcanic clasts are zoned, as shown in 
cathodoluminescence imaging, with some grains being complexly zoned (Fig. 3.22, Appendix 
F). Many grains have euhedral overgrowths with rims and cores that are easily differentiated. 
The best apparent ages for each sample are displayed as age ranges with error bars (Fig. 3.23) 
and the age ranges include core and rim zircon analyses. The zircons yielded either Tertiary (~29 
– 36 Ma) or Proterozoic (~1.33 – 1.77 Ga) ages. The Sangre de Cristo range has Middle to 
Lower Proterozoic (1.4 – 1.8 Ga) quartz monzonite and gneiss exposed on its western flank (e.g. 
Lindsey et al., 1986). The Proterozoic zircon ages likely reflect the incorporation of crustal 
basement rock components into the magma chamber prior to eruption. Isotope ratios and 
apparent age data are given in Appendix F for all U/Pb zircon spot analyses of the SLB samples. 
 
 
 
 
 
 
 
 
 
 
 
66
 
 
 
 
 
 
 
 
 
 
 
Figure 3.22: Cathodoluminescence 
images showing zoning patterns of SLB 
zircons as well as locations of some 
analyzed spots. (A) SLB-07-12I, (B) 
SLB-07-7C and (C) SLB-07-35D. 
Complete images of all the analyzed 
zircons are shown in Appendix F. 
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       Figure 3.23: (A) Tertiary and (B) Proterozoic U/Pb age ranges from  
       zircons in the SLB. These samples represent type 1 and type 4 clasts. 
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CHAPTER 4.  DISCUSSION 
 The Santa Fe Group volcanic clasts in the San Luis Basin (SLB) have a wide  
compositional range extending from trachybasalt to rhyolite (Fig. 3.13). The age range for these 
clasts is ~35-29 Ma, based on 40Ar/39Ar and U/Pb zircon geochronology (Table 3.3 and Fig. 3.23). 
Based on major and trace elements, mineral texture and chemistry and geochronology, these clasts 
are compared to currently exposed volcanic remnants in and proximal to the SLB. Proterozoic 
zircon ages also have implications for the basement rocks that these volcanics traversed. 
4.1 Provenance of Santa Fe Group Volcanic Clasts 
Mount Mestas (MM; Fig. 1.2) has an age of ~25 Ma (Miggins, 2002), which post-dates 
the Santa Fe Group volcanic clast ages (Table 4.1). Although there is a limited basis for chemical 
comparison, MM is not strongly enriched in LREEs [(La/Sm)N  = 1.35] relative to SLB 
[(La/Sm)N  = 2.30 – 5.73].  The HREE enrichment values of MM [(Tb/Yb)N  = 1.92] fall within 
the SLB range [(Tb/Yb)N  = 1.47 – 2.25]. However, the normalized values for all the REEs are 1-
2 orders of magnitude lower for MM than for SLB (Fig. 4.1). MM also lacks the small negative 
europium anomaly that is present for many of the SLB samples. Due to the significant 
differences in REE values and geochronology data, MM is excluded as a possible source for the 
volcanic clasts in the SLB. 
Spanish Peaks, CO (SP; Fig. 1.2) has an age range of 26.6 – 21.3 Ma (Penn, 1994), and 
also post-dates the volcanic clasts in the SLB (Table 4.1). On Harker diagrams the whole rock 
data show a difference in trends between SP and SLB for Al2O3, MgO, Na2O, and Fe2O3; the SP 
clasts tend to have samples that are more primitive than the SLB (Fig. 4.2). Although, it is 
possible that the SLB samples represent multiple magmatic sources with different fractionation 
trends, the feature that differentiates the SLB from SP is the Fe2O3 values, which are 
significantly lower compared to SLB. The LREE and HREE enrichment values for SP are  
69
 
 
Table 4.1: Age ranges for SLB volcanic clasts and potential source areas  
 Age (Ma) Method Reference 
San Luis Basin 35 - 29 40Ar/39Ar; U/Pb Armstrong (this study) 
Spanish Peaks, CO 26.6 - 21.3 40Ar/39Ar Penn (1994) 
San Luis Hills >27.71; 26 (HF) 40Ar/39Ar; K/Ar Thompson et al. (1991)
San Juan Volcanic 
Field 35 - 29 (CF); 26 (HF) 
K/Ar   
40Ar/39Ar 
Lipman et al. (1970) 
Colucci et al. (1991) 
Mount Mestas ~25 40Ar/39Ar Miggins (2002) 
Thirtynine Mile 
Volcanic Field 36 - 27 
K/Ar  
40Ar/39Ar 
Epis and Chapin (1974) 
McIntosh and Chapin (1994) 
 
1Minimum age of the older intermediate-composition unit at SLH. 
CF = Conejos Formation; HF = Hinsdale Formation 
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Figure 4.1: Chondrite-normalized REE diagram showing a significant  
difference between SLB (numbered, this study) and Mount Mestas  
(MM; Miggins, 2002). Chondrite normalization values taken from 
                        Nakamura (1974). 
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Figure 4.2: Harker variation diagrams comparing SLB (this study) to Spanish Peaks (SP; Penn, 1994)  
and Mount Mestas (MM; Miggins, 2002).  
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(La/Sm)N  = 1.74 – 5.51 and (Tb/Yb)N  = 1.22 – 4.27, respectively. The LREE enrichment ratio 
falls in the same range as SLB, but the HREE enrichment ratio is higher for SP. The HREE 
normalized values for SP and SLB are similar, but La, Ce and Nd values for SP range ~1 order 
of magnitude higher than those of SLB (Fig. 4.3). In addition, amphibole chemistry in SP rocks 
exhibit distinctively higher Ti levels than the SLB clasts (Fig. 4.4). While there are some 
differences in the geochemical and mineral chemical data, it is insufficient to exclusively 
eliminate SP as a source. However, the difference in the geochemical data coupled with the 
difference in age determined from the geochronologic data does exclude SP as a source of the 
SLB clasts. 
The San Luis Hills (Fig 1.2) consist of the Hinsdale Formation (~26 Ma) deposited on an 
older intermediate-composition volcanic unit. A late stage dike of the older unit has an age of 
27.7 Ma (Thompson et al., 1991). Because the only age determination for the older unit was on a 
late stage dike, this is a minimum age for the unit. The Hinsdale Formation post-dates the Santa 
Fe Group volcanic clasts, but the older unit has an unknown upper age limit making it difficult to 
determine whether it is a possible source. There is also no geochemical data for this older unit to 
be compared with the SLB clasts. Therefore, the San Luis Hills remain as a possible source until 
more information is obtained for the older unit. 
The San Juan volcanic field (SJVF; Fig. 1.2) has an age range of 35 – 29 Ma for the 
Conejos Formation. This age range overlaps with the Santa Fe Group volcanic clasts from SLB. 
Whole rock data for Conejos Formation volcanic rocks from the east-central and south-east SJVF 
are comparable to SLB (Figs. 4.5 and 4.6). For the east-central SJVF, Conejos Formation rocks at 
Summer Coon and Carnero Creek volcanic centers (Fig. 1.6) correspond closely with a portion 
of the SLB data (Fig. 4.5). Only minor differences are observed where SLB is slightly lower in 
MgO and higher in Na2O compared to these centers. For the south-east SJVF, the Horseshoe 
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Figure 4.3: Chondrite-normalized REE diagram comparing SLB (blue, this study)  
to Spanish Peaks (red, Penn (1994)). The additional lines are samples that did not 
fall in the shaded areas. Chondrite normalization values taken from Nakamura 
(1974). 
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Figure 4.4: Ti vs. Mg/Mg+Fe compositional variation diagram for amphiboles from SLB 
(circles and squares), SP (triangles) and SJVF (diamonds). SJVF is data from this study 
and SJVF* is data taken from Colucci et al. (1991). The SLB and SJVF amphiboles have 
similar compositions, but the SP amphiboles have higher Ti levels. 
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Figure 4.5: Harker variation diagrams comparing SLB (this study) to Conejos Formation rocks of 
the Summer Coon (SC) and Carnero Creek (CC) volcanic centers in the east-central SJVF. Note 
the overlap in chemical data. SC and CC data taken from Parker et al. (2005). 
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Figure 4.6: Harker variation diagrams comparing SLB (this study) to the Horseshoe Mountain 
member (HMM), Rock Creek member (RCM) and Willow Mountain member (WMM) of the 
Conejos Formation in the south-east SJVF. SLB data appear to cover a larger chemical range 
and overlap the individual centers. HMM, RCM and WMM data taken from Colucci et al. (1991). 
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Mountain, Rock Creek and Willow Mountain members of the Conejos Formation proximal to 
Platoro Caldera (Fig. 1.6) also closely match the SLB data (Fig. 4.6), although some of the SLB 
clasts are slightly higher in Na2O and K2O compared to these members. Overall, the Conejos 
Formation whole rock data matches the SLB more closely than SP or MM. REE data for the 
east-central and south-east SJVF Conejos Formation is also very similar to the SLB data (Fig. 
4.7). The east-central SJVF rocks have a LREE enrichment of (La/Sm)N = 2.58 – 6.11 and HREE 
enrichment of (Tb/Yb)N  = 1.10 – 2.02, which is comparable to SLB. The south-east SJVF rocks 
have LREE and HREE enrichment [(La/Sm)N  = 2.39 – 4.93 and (Tb/Yb)N = 1.25 – 2.82, 
respectively] that also correspond closely to SLB. The normalized REE values also fall within a 
similar range for SJVF and SLB (Fig. 4.7) and both have minor negative europium anomalies. 
Spider diagram comparisons of three SLB samples to representative samples from the south-east 
SJVF Conejos Formation are also very similar (Fig. 4.8). The Conejos Formation samples used 
for comparison are from the Rock Creek and Willow Mountain Members (RCM and WMM, 
respectively) of Colucci et al. (1991). The RCM samples used here are trachyandesites and are 
comparable to SLB trachyandesites (SLB-07-24M and SLB-07-29D). The WMM sample is a 
dacite and is comparable to an SLB trachydacite (SLB-07-9C). 
 Amphiboles for SJVF rocks have chemical compositions similar to the SLB amphiboles 
in terms of TiO2 and Mg/Mg+Fe (Fig. 4.4). There are also no distinctive differences in any 
other elements analyzed for the amphiboles of these two areas. Biotite analyses are similar as 
well (Fig. 3.19). Overall, mineral chemistry was not as useful as whole rock chemistry or 
geochronology in distinguishing a source. However, mineral chemistry did reinforce results of 
the other methods and highlighted some differences in the areas that were not the source and 
similarities in areas that are most likely the source. It is not a tool that could be used in isolation  
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       Figure 4.7: Chondrite-normalized REE diagram showing a close correlation between 
      SLB (blue, this study), east-central SJVF (green, Parker et al. (2005)) and south-east 
      SJVF (orange, Colucci et al. (1991)). The additional line is an SLB sample that did not 
      fall in the shaded area. Chondrite normalization values taken from Nakamura (1974). 
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Figure 4.8: Spider diagram comparison of SLB 
(blue, this study) and the south-east SJVF  
Conejos Formation (orange; Colucci et al., 1991). 
(A) Sample SLB-07-9C compared to WMM 
representative dacite. (B) Sample SLB-07-24M 
compared to RCM representative 
trachyandesite. (C) Sample SLB-07-29D 
compared to RCM representative 
trachyandesite. The SLB samples compare 
similarly to the SJVF samples. 
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for determining provenance in this study, but it was corroborative when used in conjunction with 
the other methods. 
Based on similarities shown in the geochemical and geochronologic data, the Conejos 
Formation of SJVF is likely a major source for the Santa Fe Group volcanic clasts in the SLB. 
The Conejos Formation currently crops out primarily in the north-east, east-central, and 
south-east portions of the SJVF. During the time of Santa Fe Group deposition in the SLB, the 
San Luis Hills were topographically high, which could have prevented the transport of clasts to 
the eastern SLB from the south-east and east-central SJVF (Thompson et al., 1991).  It is possible 
that the clasts came from the north-east SJVF near the Bonanza caldera (Fig. 1.6). Because this 
area is north of the SLB, it is more likely that volcanic clasts could be transported southward  
along the paleovalley and deposited in the eastern SLB. 
Thirtynine Mile volcanic field, located further north of the SLB (Fig. 1.6), has an age 
range of 36-27 Ma (Table 4.1; Epis and Chapin (1974), McIntosh and Chapin (1994)), which is 
consistent with the age range determined for the Santa Fe Group volcanic clasts in the SLB. 
Whole rock values and trends for Guffy volcanic center, the largest in Thirtynine Mile volcanic 
field, correspond closely with the SLB (Fig. 4.9). Normalized REE data for both areas also plot 
in a similar range (Fig. 4.10). One difference in the REE data is the lack of a small negative 
europium anomaly for Guffy volcanic center rocks; however there are some SLB clasts that also 
lacked a europium anomaly. LREE enrichment of Guffy volcanic center [(La/Sm)N = 3.30 – 7.60] 
is similar to SLB, but has a higher upper range limit. HREE enrichment of Guffy volcanic center 
[(Tb/Yb)N  = 1.35 – 2.09] corresponds closely with SLB. Spider diagram comparisons of three 
SLB samples to samples from the Thirtynine Mile volcanic field also show similarities (Fig. 
4.11). The samples used for comparison are from the upper member of the Thirtynine Mile 
andesite with average compositions calculated by Campbell (1995). Two SLB samples  
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Figure 4.9: Harker variation diagrams comparing SLB (this study) to the Guffy volcanic center 
in the Thirtynine Mile volcanic field (39). Guffy center data taken from Wobus et al. (1990). 
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 Figure 4.10: Chondrite-normalized REE diagram showing a close correlation 
between SLB (blue, this study) and Guffy volcanic center (green, Wobus et al. 
(1990)). The additional lines are samples that did not fall in the shaded areas.  
Chondrite normalization values taken from Nakamura (1974). 
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Figure 4.11: Spider diagram comparison of 
SLB (blue, this study) and Thirtynine Mile  
volcanic field (green; Campbell, 1995). (A) 
Sample SLB-07-5A compared to an average 
shoshonite. (B) Sample SLB-07-14K also 
compared to the average shoshonite. (C) 
Sample SLB-07-7H compared to an average 
                                                                               latite.  
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(SLB-07-5A and SLB-07-14K) of shoshonitic composition are compared to an average 
Thirtynine Mile shoshonite and one latitic SLB sample (SLB-07-7H) is compared to an average 
Thirtynine Mile latite. Similar age ranges and similar geochemical data trends make Thirtynine 
Mile volcanic field another likely source for the Santa Fe Group volcanic clasts in the SLB. 
In an attempt to differentiate among the SLB, SJVF and Thirtynine Mile volcanic field, 
all samples are plotted on a K2O-SiO2 diagram (Fig. 4.12). The data from the Thirtynine Mile 
volcanic field samples trend higher in the “high-K” field than SJVF on the K2O-SiO2 diagram 
(Fig. 4.12).  Thirtynine Mile samples range to lower silica values similar to the SLB. The K2O 
values for the low-silica SLB samples are similar to Thirtynine Mile samples. In turn, the 
high-silica SLB samples tend to have lower K2O values in the range of the SJVF. This is 
consistent with the geochemical and geochronologic data that suggest a dual source. 
Based on the discussion above, SJVF and Thirtynine Mile volcanic field are considered 
the main sources for the Santa Fe Group volcanic clasts in the SLB. This suggests that sediment 
transport was predominantly from the north and west, rather than from the east in the SP area. 
There are also Proterozoic gneiss clasts present in the Santa Fe Group, derived from the Culebra 
Range, that increase in abundance upsection. The absence of an eastern source for the Santa Fe 
Group and the increasing abundance of Proterozoic gneiss clasts imply that the Culebra Range 
may have been uplifted in a position to act as a drainage divide between eastern sources 
(specifically SP and MM) and the SLB before the eastern intrusive rocks were exposed.  
Currently, the northern Sangre de Cristo Range is a boundary between the SLB and the 
Thirtynine Mile volcanic field. Apatite fission track dates indicate rapid uplift-related cooling at 
~19 Ma for the northern Sangre de Cristo Range (Lindsey et al., 1986) and between ~20 – 12 Ma 
for Blanca Peak (Kelley et al., 1992). Deposition of the Santa Fe Group began ~25 Ma, which 
would have allowed for transport of the Thirtynine Mile volcanic field rocks into the basin  
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Figure 4.12: K2O vs. SiO2 classification diagram of the basalt to rhyolite  
series (LeMaitre, 2002). This divides the rocks into low-K, medium-K and high-K 
types. The Thirtynine Mile volcanic field rocks plot higher in the “high-K” field than 
SJVF which is a distinguishing factor between the two areas. SLB rocks (this study) 
plot in an intermediate area that mingles with both areas. Dashed lines indicate the 
position of some fields in the TAS diagram. SJVF data taken from Colucci et al. 
(1991) and Parker et al. (2005). Thirtynine Mile volcanic field data taken from 
Wobus et al. (1990), Burris (1991) and Campbell (1995).  
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before the range was uplifted. Because Proterozoic gneiss clasts shed from the Culebra Range 
were incorporated into the Santa Fe Group shortly after the start of deposition, this provides 
evidence that the Sangre de Cristo Range and the Culebra Range have acted independently of 
each other. 
4.2 Proterozoic Zircon Ages 
 U/Pb zircon geochronology revealed both Tertiary and Proterozoic ages in the SLB 
volcanic clasts. The Tertiary ages, along with whole rock and mineral chemistry, proved useful 
in determining a provenance because they were comparable to SJVF and Thirtynine Mile 
volcanic field. However, the Proterozoic ages provide information about the basement rocks 
under this area where the source magmas traversed. The ages range from ~1.33 to ~1.77 Ga. The 
Colorado and northern New Mexico area is part of the Yavapai Province, which consisted of 
1.80 – 1.70 Ga juvenile crust that was assembled during the 1.71 – 1.68 Ga Yavapai Orogeny 
(Whitmeyer and Karlstrom, 2007). This is consistent with the older zircon ages. The majority of 
the Proterozoic zircon ages were between 1.3 and 1.4 Ga. There are exposed Middle to Lower 
Proterozoic (1.4 – 1.8 Ga) quartz monzonite and gneiss on the western flank of the Sangre de 
Cristo Mountains (e.g. Lindsey et al., 1986), which have comparable ages to the Proterozoic 
zircons from the SLB volcanic clasts. This implies an incorporation of crustal basement rock 
components into the magma chamber of the source areas. 
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CONCLUSIONS 
Given the mineralogical, geochemical and geochonologic evidence provided in this 
study, the following conclusions can be reached.  
1. The San Juan volcanic field and Thirtynine Mile volcanic field (36-27 Ma)
are the main sources for the volcanic clasts contained in the lower Santa Fe 
Group of the San Luis Basin.  
a. For the SJVF, the Conejos Formation (35-29 Ma) appears to be the major 
contributor because the SLB volcanic clasts have an age range of 35-29 Ma, 
which is older than many of the central and western SJVF volcanic sources.  
Chemical data is also consistent with the Conejos Formation. 
2.  There is no evidence for an eastern source of the SLB volcanic clasts, namely 
Spanish Peaks (26.6-21.3 Ma) and Mt. Mestas (25 Ma). 
3.  Based on the provenance results, sediment transport was primarily from the west 
and north of the SLB.  
4.  Sediment transport from the west and north implies the Culebra range may have 
been at a position and elevation that prevented sediment transport from the east 
during deposition of the Santa Fe Group in the SLB. 
a.   Although the San Luis Hills were also high at this time, they did not eliminate 
transport from the west across to the eastern SLB. 
5.  Proterozoic zircon components (1.33-1.77 Ga) in the SLB volcanic clasts reflect 
incorporation of crustal basement components into the magma chamber of the  
            source areas. 
            6.  Volcanic clasts are useful indicators of provenance in volcaniclastic sediments 
            and can be used to help infer answers to larger tectonic questions. 
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APPENDIX A. SAMPLE NUMBER, LOCATION AND ANALYTICAL WORK PERFORMED  
FOR ALL SAMPLES COLLECTED FROM SLB AND SP, COLORADO 
Sample # UTM coordinate Quadrangle Thin section and petrography 
Major/trace 
element chemistry 
40Ar/39Ar 
geochronology 
U/Pb zircon 
geochronology 
Electron 
microprobe 
SLB-07-5A 13S 0472242 4151485 Trinchera Ranch x x px, pl 
SLB-07-6A 13S 0474096 4130639 Ojito Creek 
SLB-07-6B 13S 0474096 4130639 Ojito Creek x bt, pl 
SLB-07-6C 13S 0474096 4130639 Ojito Creek 
SLB-07-6D 13S 0474096 4130639 Ojito Creek 
SLB-07-6E 13S 0474066 4130657 Ojito Creek 
SLB-07-6F 13S 0474057 4130817 Ojito Creek 
SLB-07-7A 13S 0460162 4149415 Fort Garland x 
SLB-07-7B 13S 0460162 4149415 Fort Garland 
SLB-07-7C 13S 0460140 4149510 Fort Garland x x 
SLB-07-7D 13S 0460108 4149622 Fort Garland 
SLB-07-7E 13S 0460091 4149651 Fort Garland x 
SLB-07-7F 13S 0460135 4149620 Fort Garland x 
SLB-07-7G 13S 0459423 4149069 Fort Garland 
SLB-07-7H 13S 0459423 4149069 Fort Garland x x 
SLB-07-7I 13S 0459423 4149069 Fort Garland x 
SLB-07-8A 13S 0470879 4149728 Trinchera Ranch 
SLB-07-8B 13S 0471223 4149586 Trinchera Ranch 
SLB-07-8C 13S 0471223 4149586 Trinchera Ranch x 
SLB-07-8D 13S 0471311 4149576 Trinchera Ranch x 
SLB-07-8E 13S 0471311 4149576 Trinchera Ranch 
SLB-07-9A 13S 0471520 4149506 Trinchera Ranch 
SLB-07-9B 13S 0471520 4149506 Trinchera Ranch 
SLB-07-9C 13S 0471520 4149506 Trinchera Ranch x x bt, pl bt, pl 
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Appendix A cont’d 
Sample # UTM coordinate Quadrangle Thin section and petrography 
Major/trace 
element chemistry 
40Ar/39Ar 
geochronology 
U/Pb zircon 
geochronology 
Electron 
microprobe 
SLB-07-9D 13S 0471520 4149506 Trinchera Ranch 
SLB-07-9E 13S 0471520 4149506 Trinchera Ranch x 
SLB-07-9F 13S 0471432 4149212 Trinchera Ranch 
SLB-07-10A 13S 0470989 4151055 Russell 
SLB-07-10B 13S 0470989 4151055 Russell 
SLB-07-10C 13S 0470989 4151055 Russell x 
SLB-07-10D 13S 0470989 4151055 Russell 
SLB-07-10E 13S 0470989 4151055 Russell x 
SLB-07-10F 13S 0470989 4151055 Russell x 
SLB-07-10G 13S 0470989 4151055 Russell 
SLB-07-10H 13S 0470790 4151200 Russell 
SLB-07-10I 13S 0470860 4151650 Russell x x px, pl 
SLB-07-10J 13S 0470860 4151650 Russell 
SLB-07-10K 13S 0470920 4151730 Russell x 
SLB-07-10L 13S 0470920 4151730 Russell 
SLB-07-10M 13S 0471214 4152199 Russell 
SLB-07-10N 13S 0471214 4152199 Russell 
SLB-07-11A 13S 0471484 4150754 Russell 
SLB-07-11B 13S 0471484 4150754 Russell x 
SLB-07-11C 13S 0471484 4150754 Russell 
SLB-07-11D 13S 0471484 4150754 Russell 
SLB-07-11E 13S 0471484 4150754 Russell 
SLB-07-11F 13S 0471484 4150754 Russell 
SLB-07-11G 13S 0471484 4150754 Russell x 
SLB-07-12A 13S 0472168 4152902 Russell x 
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Appendix A cont’d 
Sample # UTM coordinate Quadrangle Thin section and petrography 
Major/trace 
element chemistry 
40Ar/39Ar 
geochronology 
U/Pb zircon 
geochronology 
Electron 
microprobe 
SLB-07-12B 13S 0472168 4152902 Russell x x amp, bt 
SLB-07-12C 13S 0472168 4152902 Russell 
SLB-07-12D 13S 0471618 4153747 Russell 
SLB-07-12E 13S 0471618 4153747 Russell 
SLB-07-12F 13S 0471618 4153747 Russell 
SLB-07-12G 13S 0471546 4154546 Russell x 
SLB-07-12H 13S 0471569 4154456 Russell x 
SLB-07-12I 13S 0471546 4154546 Russell x x 
SLB-07-13A 13S 0474198 4151083 Russell 
SLB-07-13B 13S 0474175 4151782 Russell 
SLB-07-13C 13S 0474175 4151782 Russell x 
SLB-07-13D 13S 0474175 4151782 Russell 
SLB-07-13E 13S 0474198 4151083 Russell 
SLB-07-13F 13S 0474198 4151083 Russell 
SLB-07-13G 13S 0474198 4151083 Russell 
SLB-07-13H 13S 0474220 4150998 Russell x 
SLB-07-13I 13S 0474220 4150998 Russell x 
SLB-07-13J 13S 0474220 4150998 Russell 
SLB-07-13K 13S 0474214 4150826 Russell 
SLB-07-13L 13S 0474214 4150826 Russell x 
SLB-07-14A 13S 0474698 4150950 Russell 
SLB-07-14B 13S 0474698 4150950 Russell 
SLB-07-14C 13S 0474698 4150950 Russell 
SLB-07-14D 13S 0474709 4151004 Russell x 
SLB-07-14E 13S 0474709 4151004 Russell 
96
 
 
Appendix A cont’d 
Sample # UTM coordinate Quadrangle Thin section and petrography 
Major/trace 
element chemistry 
40Ar/39Ar 
geochronology 
U/Pb zircon 
geochronology 
Electron 
microprobe 
SLB-07-14F 13S 0474709 4151004 Russell 
SLB-07-14G 13S 0474709 4151004 Russell 
SLB-07-14H 13S 0473200 4150268 Russell 
SLB-07-14I 13S 0474940 4151299 Russell x x 
SLB-07-14J 13S 0474940 4151299 Russell 
SLB-07-14K 13S 0474940 4151299 Russell x x px 
SLB-07-14L 13S 0474940 4151299 Russell 
SLB-07-15A 13S 0472217 4151546 Russell 
SLB-07-15B 13S 0472217 4151546 Russell x 
SLB-07-15C 13S 0472217 4151546 Russell x x px, pl 
SLB-07-15D 13S 0472217 4151546 Russell 
SLB-07-16A 13S 0471630 4150880 Russell 
SLB-07-16B 13S 0471630 4150880 Russell 
SLB-07-16C 13S 0471630 4150880 Russell 
SLB-07-17A 13S 0473115 4151139 Russell 
SLB-07-17B 13S 0473115 4151139 Russell 
SLB-07-17C 13S 0473115 4151139 Russell 
SLB-07-17D 13S 0473115 4151139 Russell 
SLB-07-17E 13S 0473115 4151139 Russell 
SLB-07-17F 13S 0473524 4150888 Russell 
SLB-07-17G 13S 0473524 4150888 Russell 
SLB-07-18A 13S 0472819 4150559 Russell 
SLB-07-18B 13S 0472819 4150559 Russell 
SLB-07-18C 13S 0472819 4150559 Russell 
SLB-07-18D 13S 0472826 4150477 Russell 
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Appendix A cont’d 
Sample # UTM coordinate Quadrangle Thin section and petrography 
Major/trace 
element chemistry 
40Ar/39Ar 
geochronology 
U/Pb zircon 
geochronology 
Electron 
microprobe 
SLB-07-18E 13S 0472826 4150477 Russell 
SLB-07-18F 13S 0472826 4150477 Russell 
SLB-07-18G 13S 0472826 4150477 Russell x 
SLB-07-18H 13S 0472826 4150477 Russell x x amp 
SLB-07-18I 13S 0472868 4150640 Russell 
SLB-07-18J 13S 0472868 4150640 Russell 
SLB-07-18K 13S 0472868 4150640 Russell x x amp, pl 
SLB-07-19A 13S 0473326 4149573 Trinchera Ranch 
SLB-07-19B 13S 0473326 4149573 Trinchera Ranch 
SLB-07-19C 13S 0473326 4149573 Trinchera Ranch x x amp, pl 
SLB-07-19D 13S 0473326 4149573 Trinchera Ranch x 
SLB-07-19E 13S 0473326 4149573 Trinchera Ranch 
SLB-07-19F 13S 0473888 4149110 Trinchera Ranch 
SLB-07-20A 13S 0474303 4148378 Trinchera Ranch x 
SLB-07-20B 13S 0474303 4148378 Trinchera Ranch x x amp, pl, px 
SLB-07-21A 13S 0473726 4147766 Trinchera Ranch 
SLB-07-21B 13S 0473726 4147766 Trinchera Ranch 
SLB-07-21C 13S 0473726 4147766 Trinchera Ranch x 
SLB-07-21D 13S 0473726 4147766 Trinchera Ranch x x amp, bt, pl 
SLB-07-21E 13S 0473726 4147766 Trinchera Ranch x 
SLB-07-21F 13S 0473726 4147766 Trinchera Ranch x x 
SLB-07-22A 13S 0472373 4146722 Trinchera Ranch 
SLB-07-22B 13S 0472373 4146722 Trinchera Ranch 
SLB-07-22C 13S 0472373 4146722 Trinchera Ranch 
SLB-07-22D 13S 0472373 4146722 Trinchera Ranch 
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Appendix A cont’d 
Sample # UTM coordinate Quadrangle Thin section and petrography 
Major/trace 
element chemistry 
40Ar/39Ar 
geochronology 
U/Pb zircon 
geochronology 
Electron 
microprobe 
SLB-07-22E 13S 0472373 4146722 Trinchera Ranch 
SLB-07-22F 13S 0472400 4146618 Trinchera Ranch x 
SLB-07-22G 13S 0472469 4146688 Trinchera Ranch 
SLB-07-23A 13S 0473596 4147141 Trinchera Ranch 
SLB-07-23B 13S 0473596 4147141 Trinchera Ranch 
SLB-07-23C 13S 0473596 4147141 Trinchera Ranch 
SLB-07-23D 13S 0473596 4147141 Trinchera Ranch 
SLB-07-23E 13S 0473596 4147141 Trinchera Ranch 
SLB-07-24A 13S 0475699 4144454 Trinchera Ranch x 
SLB-07-24B 13S 0475699 4144454 Trinchera Ranch 
SLB-07-24C 13S 0475699 4144454 Trinchera Ranch 
SLB-07-24D 13S 0475699 4144454 Trinchera Ranch 
SLB-07-24E 13S 0475802 4144353 Trinchera Ranch 
SLB-07-24F 13S 0475802 4144353 Trinchera Ranch x 
SLB-07-24G 13S 0475802 4144353 Trinchera Ranch x 
SLB-07-24H 13S 0475802 4144353 Trinchera Ranch x 
SLB-07-24I 13S 0476703 4143996 Trinchera Ranch 
SLB-07-24J 13S 0476703 4143996 Trinchera Ranch 
SLB-07-24K 13S 0476703 4143996 Trinchera Ranch 
SLB-07-24L 13S 0476703 4143996 Trinchera Ranch 
SLB-07-24M 13S 0476703 4143996 Trinchera Ranch x x px, pl 
SLB-07-25A 13S 0474717 4144416 Trinchera Ranch 
SLB-07-25B 13S 0474717 4144416 Trinchera Ranch 
SLB-07-25C 13S 0474717 4144416 Trinchera Ranch 
SLB-07-25D 13S 0474717 4144416 Trinchera Ranch 
99
 
 
Appendix A cont’d 
Sample # UTM coordinate Quadrangle Thin section and petrography 
Major/trace 
element chemistry 
40Ar/39Ar 
geochronology 
U/Pb zircon 
geochronology 
Electron 
microprobe 
SLB-07-25E 13S 0474699 4144359 Trinchera Ranch 
SLB-07-25F 13S 0474596 4144288 Trinchera Ranch 
SLB-07-25G 13S 0474596 4144288 Trinchera Ranch 
SLB-07-25H 13S 0474584 4144246 Trinchera Ranch x 
SLB-07-25I 13S 0474389 4144671 Trinchera Ranch 
SLB-07-26A 13S 0472751 4146263 Trinchera Ranch 
SLB-07-26B 13S 0472751 4146263 Trinchera Ranch 
SLB-07-26C 13S 0472722 4146339 Trinchera Ranch 
SLB-07-26D 13S 0472823 4146481 Trinchera Ranch 
SLB-07-26E 13S 0472823 4146481 Trinchera Ranch 
SLB-07-26F 13S 0472904 4146575 Trinchera Ranch 
SLB-07-26G 13S 0472904 4146575 Trinchera Ranch x amp, bt, pl amp, bt, pl 
SLB-07-27A 13S 0473882 4131240 Ojito Creek 
SLB-07-27B 13S 0473882 4131240 Ojito Creek 
SLB-07-27C 13S 0473882 4131240 Ojito Creek 
SLB-07-27D 13S 0473882 4131240 Ojito Creek 
SLB-07-27E 13S 0473882 4131240 Ojito Creek 
SLB-07-27F 13S 0473882 4131240 Ojito Creek x x 
SLB-07-27G 13S 0473882 4131240 Ojito Creek 
SLB-07-27H 13S 0473867 4131005 Ojito Creek 
SLB-07-27I 13S 0473833 4130950 Ojito Creek 
SLB-07-27J 13S 0473579 4130758 Ojito Creek 
SLB-07-28A 13S 0475441 4129667 Ojito Creek 
SLB-07-28B 13S 0475441 4129667 Ojito Creek 
SLB-07-28C 13S 0475441 4129667 Ojito Creek 
100
 
 
Appendix A cont’d 
Sample # UTM coordinate Quadrangle Thin section and petrography 
Major/trace 
element chemistry 
40Ar/39Ar 
geochronology 
U/Pb zircon 
geochronology 
Electron 
microprobe 
SLB-07-28D 13S 0475441 4129667 Ojito Creek x x 
SLB-07-28E 13S 0475441 4129667 Ojito Creek 
SLB-07-28F 13S 0475441 4129667 Ojito Creek 
SLB-07-28G 13S 0475381 4129595 Ojito Creek 
SLB-07-28H 13S 0475386 4129760 Ojito Creek 
SLB-07-29A 13S 0473420 4129627 Ojito Creek 
SLB-07-29B 13S 0473420 4129627 Ojito Creek 
SLB-07-29C 13S 0473420 4129627 Ojito Creek 
SLB-07-29D 13S 0473420 4129627 Ojito Creek x x px, pl 
SLB-07-30A 13S 0474607 4129995 Ojito Creek 
SLB-07-30B 13S 0474607 4129995 Ojito Creek 
SLB-07-30C 13S 0474607 4129995 Ojito Creek x 
SLB-07-31A 13S 0474044 4130363 Ojito Creek 
SLB-07-31B 13S 0474044 4130363 Ojito Creek x 
SLB-07-31C 13S 0474044 4130363 Ojito Creek x 
SLB-07-31D 13S 0474044 4130363 Ojito Creek 
SLB-07-31E 13S 0474044 4130363 Ojito Creek 
SLB-07-32A 13S 0471253 4130558 Ojito Creek 
SLB-07-32B 13S 0471253 4130558 Ojito Creek 
SLB-07-32C 13S 0471736 4129990 Ojito Creek x x bt, pl amp, bt 
SLB-07-32D 13S 0471736 4129990 Ojito Creek 
SLB-07-32E 13S 0471736 4129990 Ojito Creek 
SLB-07-32F 13S 0471758 4130075 Ojito Creek 
SLB-07-33A 13S 0472830 4156454 Russell 
SLB-07-33B 13S 0472830 4156454 Russell 
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Appendix A cont’d 
Sample # UTM coordinate Quadrangle Thin section and petrography 
Major/trace 
element chemistry 
40Ar/39Ar 
geochronology 
U/Pb zircon 
geochronology 
Electron 
microprobe 
SLB-07-33C 13S 0472830 4156454 Russell 
SLB-07-33D 13S 0472830 4156454 Russell 
SLB-07-33E 13S 0472830 4156454 Russell 
SLB-07-33F 13S 0472830 4156454 Russell x 
SLB-07-33G 13S 0472830 4156454 Russell x x 
SLB-07-33H 13S 0472830 4156454 Russell 
SLB-07-34A 13S 0471783 4156751 Russell 
SLB-07-34B 13S 0471783 4156751 Russell 
SLB-07-34C 13S 0471783 4156751 Russell x x amp 
SLB-07-34D 13S 0471783 4156751 Russell 
SLB-07-34E 13S 0471783 4156751 Russell x 
SLB-07-34F 13S 0471783 4156751 Russell x 
SLB-07-35A 13S 0461166 4150322 Fort Garland x 
SLB-07-35B 13S 0461166 4150322 Fort Garland 
SLB-07-35C 13S 0461166 4150322 Fort Garland x x 
SLB-07-35D 13S 0461166 4150322 Fort Garland x x 
SLB-07-35E 13S 0461166 4150322 Fort Garland 
SLB-07-35F 13S 0461166 4150322 Fort Garland 
SLB-07-35G 13S 0461166 4150322 Fort Garland 
SLB-07-36A 13S 0460585 4150056 Fort Garland 
SLB-07-36B 13S 0460569 4150250 Fort Garland x 
SLB-07-36C 13S 0460569 4150250 Fort Garland x x 
SLB-07-36D 13S 0460658 4150249 Fort Garland x x amp amp, pl 
      
Spanish Peaks     
SP-07-02 13S 0495137 4141172 x px 
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Appendix A cont’d 
Sample # UTM coordinate Quadrangle Thin section and petrography 
Major/trace 
element chemistry 
40Ar/39Ar 
geochronology 
U/Pb zircon 
geochronology 
Electron 
microprobe 
SP-07-05 13S 0494835 4132019 
SP-07-06 13S 0494781 4133572 
SP-07-07B 13S 0495659 4133764   x am, px 
SP-07-08 13S 0495879 4133699   x px 
San Juan 
volcanic field        
SJVF 5421 
Summer Coon volcano 
(Sample 8 in Lipman, 
1968)  
x    am, bt, pl 
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APPENDIX B. MINERAL ASSEMBLAGES OF SAMPLES FOR PETROGRAPHIC ANALYSIS 
Sample # Pl Kfs Am Bt Px Ol Zrn Ap Ttn Opaques Gl Cb Rock Type 
SLB-07-5A p p p m mt m 5 (sub 1) 
SLB-07-6B p, m p p p m m tmt m 5 (sub 2) 
SLB-07-7A p p p p m m mt m x 1 (sub 1) 
SLB-07-7C p p p m m m mt m x 4 
SLB-07-7E p p p m m m mt m x 1 (sub 1) 
SLB-07-7H p, m p p m mt m x 4 
SLB-07-7I p p m m hem, tmt m x 3 
SLB-07-8C p, m p p p hem, tmt m 4 
SLB-07-8D p p (Id) hem, tmt m x 1 (sub 2) 
SLB-07-9C p, m p hem, mt 2 (sub 1) 
SLB-07-9E p p p mt 4 
SLB-07-10E p, m p p p m m m tmt m 1 (sub 2) 
SLB-07-10F p, m p p m m m mt m x 1 (sub 1) 
SLB-07-10I p p (some Id) m mt m 1 (sub 1) 
SLB-07-10K p p p m tmt m 2 (sub 3) 
SLB-07-10L p, m p p m tmt m 1 (sub 1) 
SLB-07-11B p p p p m tmt m x 1 (sub 3) 
SLB-07-11G p p m tmt 2 (sub 2) 
SLB-07-12B p, m p p p m m tmt m x 1 (sub 3) 
SLB-07-12G p, m p p mt x 1 (sub 1) 
SLB-07-12H p p p m m mt x 1 (sub 1) 
SLB-07-12I p, m p m m hem, tmt x 4 
SLB-07-13C p, m p p m tmt 1 (sub 2) 
SLB-07-13H p, m p p m hem, tmt m x 1 (sub 2) 
SLB-07-13I p, m p p mt m x 1 (sub 3) 
SLB-07-13L p p p p m hem, tmt m x 1 (sub 2) 
SLB-07-14D p, m p p m hem, tmt m 1 (sub 2) 
SLB-07-14I p, m p p m mt 5 (sub 1) 
SLB-07-14K p, m p mt m x 2 (sub 2) 
SLB-07-15B p, m p p hem 1 (sub 2) 
SLB-07-15C p p p (Id) tmt m 2 (sub 3) 
SLB-07-18G p, m p hem, tmt 2 (sub 2) 
SLB-07-18H p, m p tmt m x 3 
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Appendix B cont’d 
Sample # Pl Kfs Am Bt Px Ol Zrn Ap Ttn Opaques Gl Cb Rock Type 
SLB-07-18K p, m p p p m mt 1 (sub 2) 
SLB-07-19C p p p m mt x 1 (sub 3) 
SLB-07-19D p p p p m tmt x 1 (sub 3) 
SLB-07-20A p, m p p m mt x 5 (sub 1) 
SLB-07-20B p, m p p m mt m x 5 (sub 1) 
SLB-07-21C m p hem, mt 3 
SLB-07-21D p p p m mt x 1 (sub 1) 
SLB-07-21E p p p m m tmt x 1 (sub 2) 
SLB-07-21F p, m p mt m 3 
SLB-07-22F p p p p m hem, tmt 1 (sub 1) 
SLB-07-24A p p hem, mt m x 3 
SLB-07-24F m p hem, tmt x 3 
SLB-07-24G p, m p p m hem, tmt m 1 (sub 3) 
SLB-07-24H p, m p p p m mt m x 1 (sub 2) 
SLB-07-24M p p p (Id) m mt m x 5 (sub 1) 
SLB-07-25H p p mt m 3 
SLB-07-26G p p p p m m tmt m 1 (sub 3) 
SLB-07-27F p, m p m hem, tmt m 1 (sub 2) 
SLB-07-28D p p m rhyolite 
SLB-07-29D p p p p (Id) mt m 5 
SLB-07-30C p p p m mt m x 5 
SLB-07-31B p, m p p (Id) mt x 2 (sub 1) 
SLB-07-31C p, m p p hem, tmt 5 (sub 1) 
SLB-07-32C p, m p p p m mt m 5 (sub 2) 
SLB-07-33F p p p, m hem, mt m x 4 
SLB-07-33G p p p p m m m mt x 1 (sub 1) 
SLB-07-34C p, m p p p m tmt m x 1 (sub 1) 
SLB-07-34E p, m p p m m mt m x 1 (sub 1) 
SLB-07-34F p p p p, m mt m x 4 
SLB-07-35A p p m mt m x 1 
SLB-07-35C p, m p p m m m mt x 1 (sub 1) 
SLB-07-35D p p p p m m m mt x 1 (sub 1) 
SLB-07-36B p p p m m mt x 1 (sub 1) 
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Appendix B cont’d 
Sample # Pl Kfs Am Bt Px Ol Zrn Ap Ttn Opaques Gl Cb Rock Type 
SLB-07-36C p     p     m m   mt m x 4 
SLB-07-36D p   p p     m m   mt m   3 
p = phenocryst, m = matrix, sub = subtype, x = present 
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APPENDIX C. MAJOR AND TRACE ELEMENT DATA FOR VOLCANIC  
CLASTS FROM THE SANTA FE GROUP, SAN LUIS BASIN, COLORADO 
Sample SLB-07-5A  SLB-07-7H SLB-07-9C SLB-07-10I SLB-07-12B SLB-07-14I SLB-07-14K SLB-07-15C  SLB-07-18H SLB-07-18K  
SiO2 53.40 55.80 65.50 49.10 55.90 58.40 51.50 48.90 64.30 59.80 
Al2O3 15.40 16.30 15.50 16.20 17.10 16.90 15.30 15.90 15.30 16.50 
Fe2O3 10.20 6.83 4.11 10.70 7.88 6.28 8.92 12.40 5.50 6.24 
MgO 2.46 2.34 1.37 3.33 1.55 1.62 3.88 3.57 0.72 1.63 
CaO 6.92 5.62 2.41 8.95 6.69 5.27 9.45 9.46 3.56 5.24 
Na2O 3.86 4.29 4.14 3.22 4.53 4.57 4.17 3.22 3.98 4.38 
K2O 2.80 3.51 4.45 3.13 3.18 3.53 2.89 2.61 3.90 3.15 
TiO2 1.23 0.85 0.56 1.56 0.85 0.76 1.13 1.50 0.61 0.73 
P2O5 0.81 0.51 0.34 0.70 0.54 0.43 0.86 0.65 0.39 0.47 
MnO 0.14 0.20 0.13 0.16 0.15 0.10 0.20 0.13 0.07 0.12 
Cr2O3 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 
LOI 2.29 2.90 0.79 2.18 2.37 1.06 2.99 1.28 1.29 0.90 
Total 99.50 99.20 99.30 99.30 100.70 99.00 101.40 99.80 99.60 99.30 
Ag <1.00 <1.00 <1.00 3.00 <1.00 <1.00 <1.00 <1.00 <1.00 <1.00 
Ce 110.00 102.00 84.90 90.90 83.00 83.30 110.00 87.00 59.40 85.80 
Co 27.20 15.70 7.30 27.70 14.20 12.60 29.50 25.90 9.40 13.40 
Cs 0.50 0.40 1.80 0.90 0.50 0.60 7.10 0.40 0.60 0.20 
Cu 30.00 28.00 10.00 115.00 294.00 370.00 121.00 33.00 17.00 7.00 
Dy 6.08 5.64 3.26 6.42 4.77 4.32 5.56 6.96 4.54 4.40 
Er 3.09 3.19 1.85 3.43 2.62 2.39 2.94 3.65 2.62 2.13 
Eu 2.75 2.29 1.27 2.92 2.14 2.13 2.85 2.49 1.56 1.81 
Ga 20.00 24.00 17.00 22.00 22.00 22.00 21.00 20.00 22.00 19.00 
Gd 9.20 7.40 4.88 9.96 6.51 6.22 8.97 9.40 5.85 6.16 
Hf 5.00 6.00 5.00 4.00 5.00 6.00 5.00 4.00 5.00 5.00 
Ho 1.18 1.09 0.67 1.23 0.91 0.86 1.06 1.38 0.91 0.84 
La 54.00 53.00 45.80 42.50 39.60 41.30 52.70 41.90 28.30 44.30 
Lu 0.40 0.52 0.30 0.45 0.40 0.37 0.41 0.44 0.36 0.30 
Mo <2.00 2.00 <2.00 2.00 2.00 <2.00 <2.00 <2.00 <2.00 <2.00 
Nb 23.00 30.00 15.00 14.00 20.00 22.00 43.00 15.00 22.00 21.00 
Nd 53.90 46.20 33.10 50.00 38.30 37.60 52.10 46.40 29.30 38.50 
Ni 10.00 10.00 8.00 28.00 11.00 10.00 18.00 9.00 <5.00 6.00 
Pr 13.80 13.50 9.34 13.00 10.30 10.7 14.10 11.20 7.40 10.20 
Rb 61.20 75.60 119.00 95.60 61.60 69.10 29.80 54.50 85.00 54.40 
Sm 9.80 8.70 5.30 10.40 7.20 6.80 9.70 9.20 5.80 6.70 
Sn <1.00 1.00 <1.00 1.00 <1.00 1.00 1.00 <1.00 <1.00 <1.00 
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Appendix C cont’d 
Sample SLB-07-5A  SLB-07-7H SLB-07-9C SLB-07-10I SLB-07-12B SLB-07-14I SLB-07-14K SLB-07-15C  SLB-07-18H SLB-07-18K  
Ta 1.40 1.50 1.00 0.60 0.90 1.10 2.00 0.90 1.50 1.40 
Tb 1.21 1.08 0.63 1.24 0.91 0.82 1.12 1.25 0.86 0.80 
Th 4.80 7.60 9.60 4.00 4.70 5.50 5.80 3.80 4.60 4.70 
Tl <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 
Tm 0.44 0.48 0.26 0.44 0.39 0.33 0.40 0.50 0.37 0.32 
V 198.00 121.00 46.00 372.00 147.00 130.00 299.00 324.00 78.00 106.00 
W <1.00 1.00 1.00 2.00 <1.00 1.00 <1.00 <1.00 <1.00 <1.00 
Y 30.20 27.50 18.50 36.40 27.80 25.20 31.50 39.10 24.40 21.30 
Yb 2.70 3.10 1.80 3.00 2.50 2.40 2.60 3.10 2.40 2.10 
Zr 195.00 237.00 190.00 184.00 213.00 258.00 208.00 151.00 145.00 163.00 
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Appendix C cont’d 
Sample SLB-07-19C  SLB-07-20B SLB-07-21D SLB-07-21F  SLB-07-24M SLB-07-27F SLB-07-28D SLB-07-29D SLB-07-32C SLB-07-34C 
SiO2 60.40 58.90 64.90 64.80 56.50 58.40 73.50 58.30 61.60 57.40 
Al2O3 15.10 15.90 16.00 15.10 16.40 16.30 13.50 16.30 15.30 15.90 
Fe2O3 4.76 6.29 3.58 4.37 7.73 7.63 1.00 6.27 5.53 6.66 
MgO 2.22 1.74 0.96 1.15 2.26 2.29 0.13 1.67 2.12 2.52 
CaO 5.02 5.65 3.42 3.11 5.46 5.47 0.20 4.75 4.31 6.15 
Na2O 3.96 4.39 4.80 4.20 4.30 4.41 4.91 5.24 4.22 4.35 
K2O 3.11 3.64 3.64 4.45 4.40 3.49 4.34 4.03 3.76 3.28 
TiO2 0.48 0.75 0.45 0.51 1.16 0.85 0.04 1.22 0.70 0.74 
P2O5 0.31 0.47 0.27 0.16 0.52 0.50 0.01 0.46 0.30 0.43 
MnO 0.11 0.13 0.07 0.06 0.09 0.12 0.17 0.09 0.08 0.17 
Cr2O3 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 
LOI 3.66 1.67 1.03 0.84 1.60 0.94 1.33 1.47 1.32 2.06 
Total 99.20 99.50 99.10 98.80 100.40 100.50 99.10 99.80 99.30 99.70 
 
Ag <1.00 <1.00 <1.00 <1.00 <1.00 <1.00 2.00 <1.00 <1.00 <1.00 
Ce 61.40 76.80 70.80 37.80 120.00 79.60 13.90 85.60 109.00 102.00 
Co 12.20 13.70 8.00 10.50 29.20 16.80 1.90 24.50 13.20 7.80 
Cs 0.80 0.90 0.60 0.70 3.30 0.60 5.70 1.50 1.90 0.80 
Cu 26.00 48.00 <5.00 10.00 45.00 36.00 <5.00 98.00 43.00 15.00 
Dy 2.57 4.35 2.53 3.81 4.98 4.23 4.28 4.23 4.53 4.82 
Er 1.48 2.60 1.31 2.21 2.55 2.52 3.53 2.42 2.31 2.81 
Eu 1.20 1.93 1.29 1.19 2.35 1.86 0.09 1.63 1.82 2.23 
Ga 17.00 22.00 18.00 20.00 26.00 20.00 42.00 20.00 26.00 24.00 
Gd 3.85 6.14 3.88 4.62 8.02 6.33 2.72 5.85 6.33 6.89 
Hf 4.00 5.00 5.00 4.00 8.00 5.00 11.00 6.00 10.00 6.00 
Ho 0.49 0.88 0.46 0.78 0.92 0.85 1.01 0.80 0.82 0.96 
La 30.80 39.40 37.20 16.80 59.10 39.60 3.40 46.90 63.10 52.20 
Lu 0.21 0.38 0.20 0.34 0.33 0.34 0.84 0.34 0.34 0.42 
Mo <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 3.00 6.00 7.00 
Nb 16.00 22.00 20.00 21.00 20.00 18.00 268.00 12.00 78.00 23.00 
Nd 26.50 34.20 26.90 18.70 51.60 37.30 7.30 39.20 41.30 42.90 
Ni 16.00 14.00 9.00 7.00 58.00 14.00 5.00 57.00 21.00 13.00 
Pr 7.05 9.43 7.76 4.77 15.00 10.30 2.18 11.20 12.40 12.20 
Rb 77.80 77.20 72.20 97.10 133.00 59.80 435.00 84.30 123.00 81.60 
Sm 4.60 6.20 4.60 4.50 9.40 6.60 2.50 6.70 6.80 7.60 
Sn <1.00 <1.00 <1.00 <1.00 6.00 <1.00 9.00 1.00 1.00 1.00 
Ta 1.00 1.10 1.30 1.40 0.90 0.80 15.60 0.50 4.40 1.00 
Tb 0.52 0.80 0.52 0.66 1.01 0.80 0.62 0.80 0.87 0.89 
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Appendix C cont’d 
Sample SLB-07-19C  SLB-07-20B SLB-07-21D SLB-07-21F  SLB-07-24M SLB-07-27F SLB-07-28D SLB-07-29D SLB-07-32C SLB-07-34C 
Th 3.20 5.20 5.20 4.10 20.30 4.20 38.90 8.60 28.20 6.50 
Tl <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 1.50 <0.50 <0.50 <0.50 
Tm 0.21 0.36 0.19 0.30 0.35 0.34 0.65 0.33 0.32 0.38 
V 67.00 112.00 63.00 86.00 207.00 100.00 <5.00 129.00 82.00 88.00 
W <1.00 1.00 <1.00 <1.00 2.00 <1.00 7.00 1.00 3.00 <1.00 
Y 14.40 25.60 12.60 20.40 26.70 23.30 35.30 24.30 25.60 27.60 
Yb 1.40 2.40 1.40 2.10 2.10 2.30 5.20 2.20 2.30 2.80 
Zr 135.00 252.00 173.00 107.00 350.00 219.00 166.00 233.00 474.00 260.00 
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Appendix C cont’d 
Sample SLB-07-35C  SLB-07-35C* SLB-07-36D 
SiO2 61.90 62.10 57.10 
Al2O3 16.70 17.00 16.60 
Fe2O3 4.94 4.97 7.40 
MgO 1.22 1.17 2.62 
CaO 4.44 4.41 5.88 
Na2O 4.71 4.81 4.44 
K2O 3.60 3.64 3.08 
TiO2 0.61 0.57 0.79 
P2O5 0.30 0.29 0.47 
MnO 0.11 0.10 0.12 
Cr2O3 0.01 <0.01 0.01 
LOI 0.82 1.19 1.49 
Total 99.40 100.30 100.00 
 
Ag <1.00 <1.00 <1.00 
Ce 98.50 85.60 82.60 
Co 6.90 18.10 13.10 
Cs 0.50 0.50 0.50 
Cu 6.00 322 32.00 
Dy 4.46 4.26 4.40 
Er 2.50 2.30 2.56 
Eu 1.92 1.98 1.78 
Ga 20.00 21.00 20.00 
Gd 6.48 6.01 6.28 
Hf 6.00 5.00 5.00 
Ho 0.86 0.82 0.87 
La 51.20 42.60 40.60 
Lu 0.38 0.33 0.41 
Mo <2.00 <2.00 <2.00 
Nb 21.00 22.00 19.00 
Nd 41.00 36.70 37.40 
Ni <5.00 19.00 10.00 
Pr 11.00 10.60 9.64 
Rb 69.10 68.30 52.30 
Sm 7.30 6.20 6.70 
Sn <1.00 1.00 <1.00 
Ta 1.20 1.10 1.10 
Tb 0.84 0.78 0.84 
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Appendix C cont’d 
Sample SLB-07-35C  SLB-07-35C* SLB-07-36D 
Th 5.40 4.90 4.90 
Tl <0.50 <0.50 <0.50 
Tm 0.37 0.33 0.40 
V 66.00 154.00 127.00 
W <1.00 <1.00 <1.00 
Y 23.20 24.50 23.70 
Yb 2.40 2.20 2.60 
Zr 206.00 226.00 171.00 
*Duplicate analysis to check for consistency 
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        APPENDIX D. MINERAL CHEMICAL ANALYSES OF VOLCANIC ROCKS
FROM THE SANTA FE GROUP, SAN LUIS BASIN AND SPANISH PEAKS, COLORADO 
  Amphibole                             
SLB-07-12B SLB-07-19C SLB-07-20B SLB-07-21D SLB-07-26G SLB-07-32C 
  Grain 1 Grain 2 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 
wt % 
SiO2   40.76 41.99 43.79 42.71 43.96 42.59 41.08 42.37 42.42 43.73 44.10 43.26 43.76 43.60 44.40 42.77 
TiO2   2.06 1.94 1.15 1.72 1.75 2.17 2.90 2.64 2.07 2.01 1.82 1.62 1.63 2.41 2.11 2.29 
Al2O3  11.79 12.08 10.66 11.40 10.77 12.45 12.21 11.21 10.77 9.82 9.82 10.72 9.77 10.75 9.94 11.62 
Cr2O3  0.04 0.01 0.03 0.07 0.01    -    -    -    -    - 0.05 0.05 0.03 0.02 0.01 0.06 
FeO    11.74 8.49 10.01 9.14 6.07 6.08 11.37 7.99 9.26 8.98 9.43 11.02 11.20 6.46 6.36 5.70 
Fe2O3 6.48 5.64 6.08 6.69 7.02 4.80 2.69 5.91 6.35 6.07 6.41 6.62 6.24 6.81 6.81 7.24 
MnO    0.37 0.29 0.39 0.36 0.25 0.10 0.28 0.35 0.40 0.42 0.32 0.43 0.41 0.27 0.31 0.22 
MgO    10.61 13.21 12.11 12.27 14.53 15.24 12.57 13.29 12.54 13.18 12.90 11.30 11.75 14.44 14.76 14.41 
CaO    11.56 11.73 11.58 11.52 11.53 12.15 12.27 11.22 11.44 11.55 11.53 11.33 11.54 11.57 11.61 11.49 
BaO    0.06 0.04 0.01 0.03 0.04 0.05 0.05 0.05 0.08 0.06 0.05 0.03 0.05 0.08 0.04 0.04 
Na2O   2.00 2.54 1.83 2.10 2.18 2.30 2.34 2.37 2.28 2.10 2.05 2.09 1.95 2.26 2.20 2.36 
K2O    1.43 1.10 1.12 0.99 1.01 1.42 1.43 1.26 1.03 1.00 1.01 1.01 1.04 0.92 0.87 0.97 
F      0.00 0.07    -    -    - 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.15 0.20 0.16 
Cl     0.14 0.04 0.10 0.11 0.06 0.04 0.05 0.09 0.17 0.15 0.15 0.14 0.16 0.05 0.04 0.03 
Total 99.02 99.14 98.85 99.10 99.20 98.90 98.95 98.74 98.82 99.08 99.63 99.61 99.54 99.76 99.63 99.36 
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Appendix D cont’d 
  Amphibole                             
SLB-07-12B SLB-07-19C SLB-07-20B SLB-07-21D SLB-07-26G SLB-07-32C 
  Grain 1 Grain 2 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 
apfu 
Si   6.09 6.14 6.43 6.26 6.33 6.12 6.06 6.20 6.25 6.39 6.42 6.35 6.43 6.27 6.38 6.17 
Ti   0.23 0.21 0.13 0.19 0.19 0.23 0.32 0.29 0.23 0.22 0.20 0.18 0.18 0.26 0.23 0.25 
Al(iv) 1.91 1.86 1.57 1.74 1.67 1.88 1.94 1.80 1.75 1.61 1.58 1.65 1.57 1.73 1.62 1.83 
Al(vi) 0.16 0.22 0.27 0.22 0.16 0.24 0.18 0.14 0.12 0.09 0.11 0.20 0.12 0.09 0.07 0.15 
Cr 0.00 0.00 0.00 0.01 0.00    -    -    -    -    - 0.01 0.01 0.00 0.00 0.00 0.01 
Fe2+ 1.47 1.04 1.23 1.12 0.73 0.73 1.40 0.98 1.14 1.10 1.15 1.35 1.38 0.78 0.76 0.69 
Fe3+ 0.73 0.62 0.67 0.74 0.76 0.52 0.30 0.65 0.70 0.67 0.70 0.73 0.69 0.74 0.74 0.79 
Mn2+ 0.05 0.04 0.05 0.04 0.03 0.01 0.03 0.04 0.05 0.05 0.04 0.05 0.05 0.03 0.04 0.03 
Mg   2.36 2.88 2.65 2.68 3.12 3.27 2.76 2.90 2.75 2.87 2.80 2.47 2.58 3.10 3.16 3.10 
Ca   1.73 1.74 1.82 1.81 1.78 1.87 1.94 1.76 1.81 1.81 1.80 1.78 1.82 1.77 1.79 1.75 
Na(M4) 0.21 0.20 0.18 0.19 0.22 0.13 0.07 0.24 0.19 0.19 0.20 0.22 0.18 0.29 0.28 0.29 
Na(A) 0.37 0.52 0.34 0.40 0.39 0.51 0.60 0.43 0.46 0.41 0.38 0.38 0.37 0.34 0.33 0.37 
Ba   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K    0.27 0.20 0.21 0.19 0.19 0.26 0.27 0.23 0.19 0.19 0.19 0.19 0.20 0.17 0.16 0.18 
F    0.00 0.03    -    -    - 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.07 0.09 0.07 
Cl   0.04 0.01 0.02 0.03 0.02 0.01 0.01 0.02 0.04 0.04 0.04 0.03 0.04 0.01 0.01 0.01 
Average chemical formula for each sample 
SLB-07-12B Ca1.74Na0.65K0.24(Mg2.62Fe3+)(Si6.12Al2.08Ti0.22)O22(OH,Cl,F)2 
SLB-07-19C Ca1.80Na0.57K0.20(Mg2.82Fe3+)(Si6.34Al1.88Ti0.17)O22(OH,Cl)2 
SLB-07-20B Ca1.91Na0.66K0.27(Mg3.02Fe3+)(Si6.09Al2.12Ti0.28)O22(OH,Cl)2 
SLB-07-21D Ca1.79Na0.64K0.20(Mg2.84Fe3+)(Si6.28Al1.84Ti0.25)O22(OH,Cl)2 
SLB-07-26G Ca1.80Na0.58K0.19(Mg2.62Fe3+)(Si6.40Al1.74Ti0.19)O22(OH,Cl)2 
SLB-07-32C Ca1.77Na0.63K0.17(Mg3.12Fe3+)(Si6.27Al1.83Ti0.25)O22(OH,F,Cl)2 
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Appendix D cont’d     
Amphibole                
SLB-07-34C SLB-07-36D SP-07-07B SJVF 5421  
Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 
wt %    
SiO2   41.24 40.64 42.25 41.96 41.69 40.15 41.24 40.16 41.62 44.41 44.00 41.58 
TiO2   2.08 2.20 2.23 2.12 2.58 2.27 4.23 3.78 4.25 2.45 2.11 3.06 
Al2O3  12.40 13.10 12.42 12.53 12.30 13.54 12.31 14.03 11.70 9.97 10.01 12.33 
Cr2O3  0.02 0.03 0.00 0.02 0.02 0.01    -    -    -   -    -     - 
FeO    11.51 9.53 6.26 5.61 9.01 9.54 8.09 7.06 8.45 13.67 14.61 12.54 
Fe2O3 6.02 6.46 6.33 7.14 5.45 5.76 4.18 5.04 3.95    -    -     - 
MnO    0.35 0.31 0.15 0.18 0.31 0.29 0.18 0.12 0.25 0.29 0.30 0.15 
MgO    10.85 11.74 14.42 14.46 12.76 11.85 13.64 13.73 13.87 13.85 13.47 14.15 
CaO    11.56 11.70 11.84 11.89 11.74 11.90 11.37 11.93 11.55 11.15 11.53 11.07 
BaO    0.07 0.08 0.03 0.04 0.08 0.06 0.09 0.08 0.13 0.03 0.05 0.09 
Na2O   2.19 2.28 2.38 2.38 2.29 2.33 2.68 2.69 2.62 2.20 2.02 2.46 
K2O    1.29 1.12 1.17 0.99 1.16 1.08 1.02 0.77 1.11 0.95 1.07 0.81 
F      0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.04 
Cl     0.10 0.06 0.02 0.02 0.07 0.05 0.01 0.02 0.03 0.10 0.16 0.03 
   
Total 99.66 99.24 99.51 99.33 99.44 98.82 98.61 98.90 99.11 99.05 99.31 98.30 
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Appendix D cont’d    
Amphibole                
SLB-07-34C SLB-07-36D SP-07-07B SJVF 5421  
Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 
apfu    
Si   6.09 5.98 6.09 6.05 6.09 5.93 6.00 5.82 6.04 6.39 6.36 6.00 
Ti   0.23 0.24 0.24 0.23 0.28 0.25 0.46 0.41 0.46 0.27 0.23 0.33 
Al(iv) 1.91 2.02 1.91 1.95 1.91 2.07 2.00 2.19 1.96 1.61 1.64 1.98 
Al(vi) 0.25 0.25 0.20 0.18 0.20 0.29 0.11 0.21 0.05 0.08 0.07 0.12 
Cr 0.00 0.00 0.00 0.00 0.00 0.00    -    -    -    -   -   - 
Fe2+ 1.42 1.17 0.76 0.68 1.10 1.18 0.99 0.86 1.03 1.65 1.77 1.51 
Fe3+ 0.67 0.72 0.69 0.78 0.60 0.64 0.46 0.55 0.43    -   -   - 
Mn2+ 0.04 0.04 0.02 0.02 0.04 0.04 0.02 0.01 0.03 0.04 0.04 0.02 
Mg   2.39 2.57 3.10 3.11 2.78 2.61 2.96 2.96 3.00 2.97 2.90 3.04 
Ca   1.83 1.85 1.83 1.83 1.84 1.88 1.77 1.85 1.80 1.72 1.79 1.71 
Na(M4) 0.21 0.19 0.22 0.23 0.21 0.17 0.23 0.15 0.20 0.28 0.21 0.26 
Na(A) 0.42 0.46 0.44 0.44 0.43 0.50 0.53 0.61 0.54 0.33 0.35 0.43 
Ba   0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 
K    0.24 0.21 0.22 0.18 0.22 0.20 0.19 0.14 0.21 0.17 0.20 0.15 
F    0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 
Cl   0.03 0.01 0.00 0.01 0.02 0.01 0.00 0.00 0.01 0.02 0.04 0.01 
   
Average chemical formula for each sample    
SLB-07-34C       Ca1.84Na0.65K0.22(Mg2.69Fe3+)(Si6.05Al2.18Ti0.24)O22(OH,Cl)2    
SLB-07-36D       Ca1.85Na0.66K0.20(Mg2.83Fe3+)(Si6.02Al2.20Ti0.25)O22(OH,Cl)2    
SP-07-07B           Ca1.81Na0.75K0.18(Mg2.97Fe3+)(Si5.95Al2.17Ti0.44)O22(OH)2    
SJVF 5421           Ca1.75Na0.62K0.17(Mg2.97Fe3+)(Si6.25Al1.83Ti0.27)O22(OH,Cl)2    
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Appendix D cont’d 
  Biotite           
SLB-07-6B SLB-07-9C SLB-07-12B SLB-07-21D SLB-07-26G SLB-07-32C SJVF 5421
                
wt % 
SiO2   36.95 37.13 36.10 36.72 36.30 37.78 37.11 
TiO2   4.67 5.58 4.53 4.52 4.38 4.81 4.88 
Al2O3  14.15 14.74 14.42 13.86 14.49 14.55 14.15 
Cr2O3  0.01 0.01 0.01 - 0.03 0.02 - 
FeO    13.76 14.06 17.37 17.03 19.87 13.55 15.95 
MnO    0.13 0.18 0.25 0.27 0.24 0.15 0.15 
MgO    16.15 15.82 13.56 13.89 12.33 16.44 14.73 
CaO    0.01 0.08 0.01 0.06 0.01 0.06 0.02 
BaO    1.40 1.05 1.38 1.35 1.31 1.04 1.45 
Na2O   0.77 0.63 0.58 0.63 0.57 0.67 0.75 
K2O    8.57 7.76 9.18 8.57 8.20 7.85 8.62 
F      - 0.80 0.28 0.00 0.07 0.59 0.00 
Cl     0.06 0.06 0.22 0.17 0.22 0.08 0.11 
Total 96.63 97.89 97.89 97.06 98.01 97.60 97.92 
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Appendix D cont’d 
Biotite   
  SLB-07-6B SLB-07-9C SLB-07-12B SLB-07-21D SLB-07-26G SLB-07-32C SJVF 5421
                
apfu 
Si   5.48 5.44 5.42 5.51 5.46 5.52 5.49 
Ti   0.52 0.61 0.51 0.51 0.49 0.53 0.54 
Al(iv) 2.47 2.54 2.55 2.45 2.54 2.48 2.46 
Al(vi) 0.00 0.01 0.00 0.00 0.03 0.03 0.00 
Cr 0.00 0.00 0.00 - 0.00 0.00 - 
Fe2+ 1.71 1.72 2.18 2.14 2.50 1.66 1.97 
Mn2+ 0.02 0.02 0.03 0.03 0.03 0.02 0.02 
Mg   3.57 3.45 3.04 3.11 2.76 3.58 3.25 
Ca   0.00 0.01 0.00 0.01 0.00 0.01 0.00 
Na 0.22 0.18 0.17 0.18 0.17 0.19 0.22 
Ba   0.08 0.06 0.08 0.08 0.08 0.06 0.08 
K    1.62 1.45 1.76 1.64 1.57 1.46 1.62 
F    - 0.37 0.13 0 0.03 0.27 0.00 
Cl   0.02 0.01 0.06 0.04 0.06 0.02 0.03 
Average chemical formula for each sample 
SLB-07-6B K1.62Na0..22Ba0.08(Mg3.57Fe2+1.71)(Si5.48Al2.47Ti0.52)O20(OH)4  
SLB-07-9C K1.45Na0.18Ba0.06(Mg3.45Fe2+1.72)(Si5.44Al2.55Ti0.61)O20(OH)4  
SLB-07-12B K1.76Na0.17Ba0.08(Mg3.04Fe2+2.18)(Si5.42Al2.55Ti0.51)O20(OH)4  
SLB-07-21D K1.64Na0.18Ba0.08(Mg3.11Fe2+2.14)(Si5.51Al2.45Ti0.51)O20(OH)4  
SLB-07-26G K1.57Na0.17Ba0.08(Mg2.76Fe2+2.50)(Si5.46Al2.57Ti0.49)O20(OH)4  
SLB-07-32C K1.46Na0.19Ba0.06(Mg3.58Fe2+1.66)(Si5.52Al2.51Ti0.53)O20(OH)4  
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Appendix D cont’d 
Feldspar   
  SLB-07-5A SLB-07-6B SLB-07-9C SLB-07-10I SLB-07-15C SLB-07-19C SLB-07-20B SLB-07-21D SLB-07-24M SLB-07-26G SLB-07-29D   
  Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Pl Rim Pl Core Alkali 
wt % 
SiO2   53.55 53.93 54.62 55.57 57.27 58.77 53.15 53.04 52.05 52.03 57.34 59.63 58.47 57.80 60.75 61.83 56.45 57.33 60.96 62.29 64.32 53.62 64.15 
Al2O3  29.50 29.16 28.60 27.85 26.93 25.61 28.92 29.53 30.26 30.40 26.72 25.16 25.49 26.07 23.91 23.23 26.06 25.52 24.24 23.67 20.24 28.65 21.35 
CaO    11.91 11.61 10.61 9.70 8.48 6.98 12.01 12.35 13.08 13.01 8.22 6.55 7.59 8.21 5.60 4.87 8.97 8.14 5.80 4.78 2.32 11.25 2.87 
BaO 0.07 0.11 0.11 0.11 0.07 0.14 0.07 0.01 0.05 0.07 0.12 0.18 0.14 0.14 0.20 0.23 0.15 0.19 0.21 0.21 0.17 0.06 0.22 
Na2O   4.39 4.71 5.11 5.43 6.29 6.83 4.32 4.13 3.81 3.70 6.33 6.94 6.46 6.19 7.58 7.93 5.72 5.85 7.58 7.97 6.38 4.60 7.08 
K2O    0.45 0.46 0.40 0.47 0.71 1.01 0.80 0.70 0.42 0.46 0.53 0.77 0.80 0.68 0.89 0.99 0.78 1.12 0.89 1.01 5.44 0.41 4.11 
Sr    -    -    -    -    -    -    -    -    -    -    -    - 0.07 0.05 0.28 0.22 0.10 0.15   -   - 0.10 0.04 0.06 
Total 99.8 99.98 99.43 99.13 99.74 99.33 99.27 99.76 99.65 99.66 99.26 99.23 99.01 99.13 99.20 99.30 98.24 98.30 99.67 99.94 98.97 98.63 99.84 
apfu 
Si  2.43 2.44 2.48 2.52 2.58 2.65 2.43 2.41 2.37 2.37 2.59 2.68 1.98 1.96 2.73 2.77 2.58 2.62 2.72 2.77 2.18 1.84 2.87 
Al 1.58 1.56 1.53 1.49 1.43 1.36 1.56 1.58 1.63 1.63 1.42 1.33 1.02 1.04 1.27 1.23 1.41 1.37 1.28 1.24 0.81 1.16 1.13 
Ca   0.58 0.56 0.52 0.47 0.41 0.34 0.59 0.60 0.64 0.64 0.40 0.32 0.28 0.30 0.27 0.23 0.44 0.40 0.28 0.23 0.08 0.41 0.14 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na   0.39 0.41 0.45 0.48 0.55 0.60 0.38 0.36 0.34 0.33 0.55 0.60 0.42 0.41 0.66 0.69 0.51 0.52 0.66 0.69 0.42 0.31 0.61 
K  0.03 0.03 0.02 0.03 0.04 0.06 0.05 0.04 0.02 0.03 0.03 0.04 0.03 0.03 0.05 0.06 0.05 0.07 0.05 0.06 0.24 0.02 0.23 
Sr    -    -    -    -    -    -    -    -    -    -    -    - 0.00 0.00 0.01 0.01 0.00 0.00    -    - 0.00 0.00 0.00 
Ab 38.95 41.18 45.49 48.90 54.98 60.16 37.60 36.15 33.67 33.05 56.43 62.73 57.77 55.38 67.31 70.34 51.12 52.76 66.62 70.65 56.74 41.47 62.26 
Or 2.58 2.67 2.30 2.82 4.06 5.85 4.62 4.07 2.40 2.70 3.11 4.54 4.71 4.03 5.19 5.79 4.59 6.65 5.14 5.91 31.83 2.45 23.79 
An 58.47 56.16 52.21 48.28 40.96 33.99 57.78 59.78 63.93 64.25 40.47 32.73 37.52 40.59 27.50 23.87 44.30 40.59 28.24 23.43 11.43 56.08 13.95 
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Appendix D cont’d 
Feldspar 
  SLB-07-36D SJVF 5421 
  Rim Core Rim Core 
wt % 
SiO2   58.24 53.04 58.13 58.68 
Al2O3  26.27 29.67 25.83 25.86 
CaO    7.57 11.61 7.72 7.87 
BaO 0.11 0.06 0.04 0.05 
Na2O   6.90 4.54 6.94 6.58 
K2O    0.54 0.26 0.57 0.63 
Sr    -    - 0.04 0.08 
Total 99.64 99.18 99.26 99.74 
apfu 
Si  2.62 2.42 2.62 2.63 
Al 1.39 1.59 1.37 1.37 
Ca   0.36 0.57 0.37 0.38 
Ba 0.00 0.00 0.00 0.00 
Na   0.60 0.40 0.61 0.57 
K  0.03 0.02 0.03 0.04 
Sr    -    - 0.00 0.00 
Ab 60.30 40.77 59.93 58.00 
Or 3.11 1.58 3.22 3.67 
An 36.59 57.66 36.85 38.33 
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Appendix D cont’d 
Pyroxene   
  SLB-07-5A SLB-07-10I SLB-07-14K   SLB-07-15C   SLB-07-20B  SLB-07-24M  SLB-07-29D   
  Rim Core Rim Core Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 
wt % 
SiO2   48.94 50.54 49.68 48.99 49.20 49.99 49.35 49.17 50.39 50.24 51.47 50.18 51.55 51.10 51.61 51.12 52.79 52.74 52.81 
TiO2   1.18 0.77 1.01 1.10 0.97 0.80 0.92 0.98 0.72 0.78 0.56 0.71 0.50 0.93 0.84 0.88 0.34 0.34 0.36 
Al2O3  5.10 3.64 4.32 4.99 4.29 3.67 4.52 4.80 3.45 3.97 2.55 3.70 2.32 2.42 2.22 2.68 0.99 1.04 1.08 
Cr2O3 0.01 0.01 0.06 0.07 0.01 0.01 0.01 0.01 0.01 0.00    -    -    -    -    -    -    -    -    - 
FeO 8.42 8.46 8.25 8.75 8.81 8.20 9.01 8.14 8.11 7.66 7.98 9.38 7.70 8.68 8.63 10.91 10.20 9.77 9.65 
MnO 0.29 0.35 0.20 0.21 0.35 0.35 0.36 0.16 0.22 0.18 0.46 0.52 0.47 0.28 0.28 0.39 0.77 0.80 0.83 
MgO 13.68 14.23 14.23 13.96 12.63 13.86 12.72 13.84 14.50 14.50 14.14 12.99 14.34 15.46 15.53 14.99 14.65 14.43 14.41 
CaO 21.60 21.39 21.74 21.23 22.69 22.57 22.49 22.26 21.87 22.26 22.23 21.50 22.19 20.44 20.37 18.56 20.02 20.45 20.48 
Na2O   0.47 0.46 0.40 0.44 0.65 0.52 0.68 0.34 0.27 0.30 0.45 0.71 0.43 0.46 0.45 0.59 0.51 0.53 0.58 
K2O    0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Total 99.69 99.84 99.90 99.74 99.59 99.96 100.06 99.70 99.54 99.91 99.84 99.69 99.51 99.78 99.95 100.11 100.27 100.09 100.20 
apfu 
Si 1.84 1.89 1.86 1.84 1.86 1.87 1.86 1.84 1.89 1.87 1.92 1.89 1.93 1.91 1.92 1.91 1.97 1.97 1.97 
Ti  0.03 0.02 0.03 0.03 0.03 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.01 0.03 0.02 0.02 0.01 0.01 0.01 
Al 0.23 0.16 0.19 0.22 0.19 0.16 0.20 0.21 0.15 0.18 0.11 0.16 0.10 0.11 0.10 0.12 0.04 0.05 0.05 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    -    -    -    -    -    -    -    -    - 
Fe2+ 0.26 0.26 0.26 0.27 0.28 0.26 0.28 0.26 0.25 0.24 0.25 0.30 0.24 0.27 0.27 0.34 0.32 0.31 0.30 
Mn   0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.03 0.03 
Mg   0.77 0.79 0.79 0.78 0.71 0.77 0.71 0.77 0.81 0.81 0.79 0.73 0.80 0.86 0.86 0.84 0.81 0.80 0.80 
Ca   0.87 0.86 0.87 0.85 0.92 0.91 0.91 0.89 0.88 0.89 0.89 0.87 0.89 0.82 0.81 0.74 0.80 0.82 0.82 
Na   0.03 0.03 0.03 0.03 0.05 0.04 0.05 0.03 0.02 0.02 0.03 0.05 0.03 0.03 0.03 0.04 0.04 0.04 0.04 
K  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Wo 45.75 44.80 45.31 44.73 48.15 46.78 47.62 46.50 45.22 45.99 50.13 49.02 50.16 45.85 45.75 41.74 44.62 45.80 45.99 
Di 40.32 41.31 41.24 40.86 37.27 39.96 37.50 40.23 41.70 41.66 31.89 29.60 32.43 34.67 34.88 33.72 32.65 32.31 32.35 
Hd 13.92 13.89 13.45 14.41 14.59 13.26 14.88 13.27 13.08 12.35 17.98 21.38 17.41 19.48 19.38 24.54 22.73 21.89 21.66 
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Appendix D cont’d 
Pyroxene 
  SP-07-02   SP-07-07B  SP-07-08 
  Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 Grain 3 Grain 1 Grain 2 
wt % 
SiO2   51.90 52.21 50.71 48.02 48.57 49.82 51.80 51.82 
TiO2   1.07 0.52 1.18 1.38 1.34 0.90 0.66 0.54 
Al2O3  2.64 1.55 3.21 6.82 6.73 4.81 2.43 2.31 
Cr2O3    -    -    -    -    -    -    -    - 
FeO 8.14 8.71 8.70 7.73 7.63 6.66 8.36 8.75 
MnO 0.31 0.42 0.34 0.16 0.17 0.14 0.52 0.63 
MgO 15.13 15.29 14.99 13.76 13.95 15.14 14.41 13.85 
CaO 20.45 20.10 20.07 20.95 21.00 20.90 21.51 21.43 
Na2O   0.52 0.60 0.64 0.57 0.53 0.50 0.70 0.77 
K2O    0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 
Total 100.17 99.41 99.85 99.41 99.92 98.87 100.39 100.12 
apfu Average chemical formula for each sample 
Si 1.92 1.95 1.89 1.80 1.81 1.86 1.92 1.93 SLB-07-5A Ca0.86Na0.03(Mg0.78Fe0.26)(Si1.86Al0.19)O6 
Ti  0.03 0.01 0.03 0.04 0.04 0.03 0.02 0.10 SLB-07-10I Ca0.85Na0.03(Mg0.78Fe0.27)(Si1.85Al0.20)O6 
Al 0.12 0.07 0.14 0.30 0.30 0.21 0.11 0.02 SLB-07-14K Ca0.91Na0.05(Mg0.73Fe0.27)(Si1.86Al0.18)O6 
Cr    -    -    -    -    -    -    -    - SLB-07-15C Ca0.89Na0.02(Mg0.80Fe0.25)(Si1.87Al0.18)O6 
Fe2+ 0.25 0.27 0.27 0.24 0.24 0.21 0.26 0.27 SLB-07-20B Ca0.88Na0.04(Mg0.77Fe0.26)(Si1.91Al0.12)O6 
Mn   0.01 0.01 0.01 0.01 0.01 0.00 0.02 0.02 SLB-07-24M Ca0.88Na0.04(Mg0.77Fe0.26)(Si1.91Al0.12)O6 
Mg   0.83 0.85 0.83 0.77 0.77 0.84 0.80 0.77 SLB-07-29D Ca0.88Na0.04(Mg0.77Fe0.26)(Si1.91Al0.12)O6 
Ca   0.81 0.80 0.80 0.84 0.84 0.84 0.86 0.86 SP-07-02 Ca0.88Na0.04(Mg0.77Fe0.26)(Si1.91Al0.12)O6 
Na   0.04 0.04 0.05 0.04 0.04 0.04 0.05 0.06 SP-07-07B Ca0.88Na0.04(Mg0.77Fe0.26)(Si1.91Al0.12)O6 
K  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 SP-07-08 Ca0.88Na0.04(Mg0.77Fe0.26)(Si1.91Al0.12)O6 
Wo 46.77 45.87 45.57 49.36 49.31 48.95 48.58 48.68 
Di 34.61 34.25 34.67 32.42 32.76 35.46 32.54 31.46 
Hd 18.62 19.87 19.76 18.22 17.93 15.59 18.87 19.87 
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       APPENDIX E. 40AR/39AR INCREMENTAL HEATING RESULTS  
   AND AGE SPECTRA FOR VOLCANIC CLASTS FROM THE
SANTA FE GROUP, SAN LUIS BASIN, COLORADO 
Appendix E cont’d             
ID Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca    40Ar*       39Ar    Age   ±1σ   
    (°C)     (x 10-3)   (x 10-15 mol)   (%)    (%)    (Ma)   (Ma)   
SLB-07-9C, Biotite, 7.22 mg, J=0.0006958±0.12%, D=1.0032±0.0012, NM-215N,  Lab#=57690-01 
#i A 625 366.0    0.0342 1189.5    1.58  14.9   4.0 1.6 18.06 2.45 
#i B 700 56.94   0.0245 130.9    2.08  20.8   32.1 3.7 22.78 0.48 
#i C 750 38.71   0.0199 62.73   2.08  25.6   52.1 5.8 25.15 0.33 
#i D 800 30.39   0.0156 30.08   2.86  32.7   70.8 8.7 26.80 0.25 
E 875 28.28   0.0106 16.67   9.2   47.9   82.6 18.1 29.09 0.12 
F 975 26.41   0.0070 10.30   20.6   73.4   88.5 39.0 29.09 0.07 
G 1075 28.08   0.0208 16.20   21.8   24.5   83.0 61.2 29.00 0.09 
H 1250 34.34   0.0343 37.08   37.6   14.9   68.1 99.4 29.12 0.12 
I 1700 5795.5    0.0264 19447.4    0.593 19.3   0.8 100.0 60.25 34.71 
Integrated age ± 2σ n=9 98.4   22.9   K2O=7.53% 28.81 0.65 
Plateau ± 2σ steps E-I n=5 MSWD=0.45 89.9      34.1  ±49.0  91.3 29.07 0.12 
Isochron±2σ steps E-I n=5 MSWD=0.29 40Ar/36Ar= 296.8±2.8 29.04 0.13 
SLB-07-6B, Biotite, 8.48 mg, J=0.0006958±0.13%, D=1.0032±0.0012, NM-215N,  Lab#=57693-01 
#i A 625 218.4    0.0785 676.1    0.82  6.5   8.5 1.0 23.22 2.21 
#i B 700 30.28   0.0372 24.49   1.43  13.7   76.1 2.7 28.70 0.61 
#i C 750 33.39   0.0242 32.51   1.60  21.1   71.2 4.7 29.62 0.36 
# D 800 29.68   0.0134 13.84   3.68  38.0   86.2 9.2 31.84 0.17 
# E 875 27.91   0.0098 7.490  9.4   52.0   92.1 20.6 31.97 0.11 
F 975 26.98   0.0115 6.015  21.8   44.5   93.4 47.1 31.36 0.07 
G 1075 28.59   0.5392 12.36   15.0   0.95  87.4 65.4 31.10 0.09 
H 1250 34.33   0.1643 31.77   27.6   3.1   72.7 99.1 31.05 0.11 
I 1700 2136.7    -0.0005 7133.1    0.730       - 1.4 100.0 35.85 13.61 
Integrated age ± 2σ n=9 82.1   3.2   K2O=5.34% 31.18 0.41 
Plateau ± 2σ steps F-I n=4 MSWD=2.96 65.2      16.4  ±42.5  79.4 31.22 0.18 
Isochron±2σ steps D-I n=6 MSWD=13.14 40Ar/36Ar= 294.4±2.9 31.39 0.12 
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ID Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca    40Ar*       39Ar    Age   ±1σ   
    (°C)     (x 10-3)   (x 10-15 mol)   (%)    (%)    (Ma)   (Ma)   
SLB-07-26G, Biotite, 4.97 mg, J=0.0006855±0.07%, D=1.0032±0.0012, NM-215O,  Lab#=57696-01 
# A 625 52.95   0.1034 77.31   0.307 4.9   56.9 0.4 36.86 1.85 
# B 700 21.31   0.0309 -26.7471 0.562 16.5   137.1 1.2 35.78 0.91 
# C 750 22.77   0.0166 -22.7673 0.93  30.7   129.6 2.6 36.12 0.54 
D 800 29.46   0.0153 3.717  1.57  33.4   96.3 4.8 34.74 0.30 
E 875 28.72   0.0058 2.127  8.2   88.5   97.8 16.6 34.41 0.10 
F 975 28.87   0.0323 2.440  16.7   15.8   97.5 40.5 34.48 0.07 
G 1075 29.98   0.0614 5.371  14.0   8.3   94.7 60.7 34.78 0.08 
H 1250 34.01   0.0188 18.88   26.7   27.1   83.6 99.0 34.82 0.10 
I 1700 1984.9    0.0106 6633.7    0.715 48.2   1.2 100.0 30.19 12.36 
Integrated age ± 2σ n=9 69.7   17.4   K2O=7.85% 34.67 0.37 
Plateau ± 2σ steps D-I n=6 MSWD=3.37 67.9      28.2  ±57.7  97.4 34.62 0.16 
Isochron±2σ steps A-I n=9 MSWD=3.81 40Ar/36Ar= 295.9±3.0 34.63 0.10 
SLB-07-32C, Biotite, 5.28 mg, J=0.0006879±0.10%, D=1.0032±0.0012, NM-215O,  Lab#=57697-01 
#i A 625 286.1    0.0496 922.4    1.04  10.3   4.7 1.9 16.71 2.31 
#i B 700 38.56   0.0204 58.73   2.45  25.0   55.0 6.5 26.13 0.37 
C 750 28.58   0.0127 11.55   3.68  40.1   88.1 13.4 30.96 0.21 
D 800 28.15   0.0075 8.052  5.46  68.2   91.5 23.7 31.70 0.12 
E 875 27.47   0.0081 6.156  9.9   63.1   93.4 42.1 31.55 0.10 
F 975 28.37   0.0142 10.35   11.8   36.0   89.2 64.2 31.15 0.11 
G 1075 29.18   0.2251 13.41   7.67  2.3   86.5 78.5 31.06 0.12 
H 1250 36.84   0.0788 39.68   11.4   6.5   68.2 99.9 30.91 0.15 
I 1700 16907.8    -0.0033 56909.1    0.065       - 0.5 100.0 109.70 100.90
Integrated age ± 2σ n=9 53.4   8.9   K2O=5.65% 30.79 0.46 
Plateau ± 2σ steps C-I n=7 MSWD=5.71 49.9      33.2  ±51.0  93.5 31.30 0.25 
Isochron±2σ steps C-I n=7 MSWD=6.59 40Ar/36Ar=    294.8±2.8 31.32 0.13 
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ID Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca    40Ar*       39Ar    Age   ±1σ   
    (°C)     (x 10-3)   (x 10-15 mol)   (%)    (%)    (Ma)   (Ma)   
SLB-07-19C, Hornblende, 32.46 mg, J=0.0006942±0.11%, D=1.004±0.001, NM-215N,  Lab#=57694-01 
#i A 800 399.9    1.604  1001.7    1.46  0.32  26.0 2.3 125.98 2.15 
#i B 900 91.10   1.157  131.1    0.601 0.44  57.6 3.3 64.59 1.11 
#i C 1000 59.51   2.307  81.54   1.22  0.22  59.8 5.3 44.12 0.63 
#i  D 1020 39.71   2.589  21.19   0.544 0.20  84.8 6.2 41.75 0.94 
#i E 1040 39.73   3.165  18.63   0.98  0.16  86.8 7.7 42.77 0.49 
#i F 1060 38.01   4.095  14.52   2.76  0.12  89.6 12.2 42.27 0.24 
#i G 1120 38.04   4.517  17.99   17.1   0.11  87.0 39.8 41.11 0.11 
#i H 1180 41.47   4.511  18.29   31.5   0.11  87.9 90.7 45.21 0.11 
#i I 1250 45.59   4.993  15.50   5.66  0.10  90.9 99.8 51.31 0.17 
#i J 1650 993.3    4.235  3200.2    0.125 0.12  4.8 100.0 59.33 9.75 
Integrated age ± 2σ n=10 62.0   0.12  K2O=1.06% 46.57 0.29 
SLB-07-36D, Hornblende, 25.88 mg, J=0.0006973±0.10%, D=1.004±0.001, NM-215N,  Lab#=57691-01 
#i A 800 140.4    5.693  398.5    0.554 0.090 16.5 1.2 29.01 1.70 
#i B 900 40.90   1.546  48.10   0.343 0.33  65.6 1.9 33.46 1.38 
#i C 1000 42.99   4.558  48.60   0.818 0.11  67.5 3.7 36.24 0.74 
D 1020 35.33   4.594  27.06   1.69  0.11  78.4 7.3 34.64 0.33 
E 1040 32.03   4.744  18.23   3.31  0.11  84.4 14.3 33.81 0.22 
F 1060 31.64   5.718  16.61   4.21  0.089 86.0 23.3 34.04 0.19 
G 1120 29.41   4.994  7.908  14.3   0.10  93.5 53.8 34.37 0.09 
H 1180 29.62   4.941  8.061  19.8   0.10  93.3 95.9 34.57 0.08 
I 1250 35.84   4.973  31.33   1.85  0.10  75.3 99.9 33.75 0.31 
J 1650 2357.2    4.747  7960.0    0.049 0.11  0.2 100.0 6.84 22.75 
Integrated age ± 2σ n=10 46.9   0.10  K2O=1.00% 34.30 0.20 
Plateau ± 2σ steps D-J n=7 MSWD=3.62 45.2      0.10 ±0.01 96.3 34.39 0.21 
Isochron±2σ steps D-J n=7 MSWD=3.80 40Ar/36Ar=  291.2±4.3 34.45 0.13 
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ID Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca    40Ar*       39Ar    Age   ±1σ   
    (°C)     (x 10-3)   (x 10-15 mol)   (%)    (%)    (Ma)   (Ma)   
SLB-07-18K, Hornblende, 34.5 mg, J=0.0006973±0.14%, D=1.004±0.001, NM-215N,  Lab#=57692-01 
#i A 800 83.89   0.5514 169.9    0.905 0.93  40.2 1.1 41.96 0.93 
#i B 900 35.48   0.5164 13.73   0.917 0.99  88.7 2.2 39.17 0.56 
#i C 1000 62.18   2.580  18.28   2.12  0.20  91.7 4.8 70.42 0.41 
#i D 1020 51.13   3.409  1.488  3.29  0.15  99.7 8.8 63.15 0.26 
#i E 1040 45.74   3.518  1.856  4.63  0.15  99.4 14.4 56.46 0.20 
#i F 1060 45.87   3.663  1.314  5.21  0.14  99.8 20.8 56.83 0.19 
#i G 1120 51.43   3.728  9.901  27.8   0.14  94.9 54.6 60.54 0.13 
#i H 1180 38.14   4.100  5.440  35.4   0.12  96.7 97.6 45.93 0.09 
#i I 1250 54.78   4.379  14.95   1.89  0.12  92.6 99.9 62.90 0.48 
#i J 1650 1799.6    4.572  5818.9    0.071 0.11  4.5 100.0 98.89 18.35 
Integrated age ± 2σ n=10 82.3   0.14  K2O=1.31% 53.80 0.24 
SLB-07-18H, Hornblende, 34.37 mg, J=0.0006878±0.10%, D=1.004±0.001, NM-215O,  Lab#=57698-01 
#i A 800 196.5    1.815  534.1    1.65  0.28  19.8 2.1 47.59 1.54 
#i B 900 45.11   1.238  65.20   0.867 0.41  57.5 3.2 31.94 0.70 
C 1000 43.32   1.942  48.64   0.715 0.26  67.2 4.1 35.81 0.80 
D 1020 26.90   2.772  -5.6669 0.343 0.18  107.1 4.5 35.46 1.63 
E 1040 32.86   3.355  16.38   1.71  0.15  86.1 6.7 34.85 0.42 
F 1060 32.31   3.472  12.27   3.21  0.15  89.7 10.7 35.68 0.23 
G 1120 32.85   3.512  14.35   14.5   0.15  88.0 29.0 35.59 0.11 
H 1180 35.31   3.845  22.29   51.6   0.13  82.3 94.0 35.78 0.09 
#i I 1250 42.87   17.19   43.61   4.70  0.030 73.3 99.9 39.01 0.25 
#i J 1650 3564.6    32.36   12014.4    0.047 0.016 0.5 100.0 21.46 34.67 
Integrated age ± 2σ n=10 79.3   0.11  K2O=1.29% 36.11 0.23 
Plateau ± 2σ steps C-H n=6 MSWD=1.18 72.1      0.14 ±0.10 90.8 35.68 0.16 
Isochron±2σ steps C-H n=6 MSWD=0.96 40Ar/36Ar= 311.2±22.2 35.35 0.50 
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ID Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca    40Ar*       39Ar    Age   ±1σ   
    (°C)     (x 10-3)   (x 10-15 mol)   (%)    (%)    (Ma)   (Ma)   
SLB-07-26G, Hornblende, 38.03 mg, J=0.0006831±0.12%, D=1.004±0.001, NM-215O,  Lab#=57695-01 
# A 800 195.0    0.8540 555.7    0.430 0.60  15.8 0.5 37.70 2.54 
# B 900 41.16   0.8032 35.13   0.490 0.64  74.9 1.1 37.64 1.01 
# C 1000 46.22   3.573  14.69   5.58  0.14  91.3 8.0 51.36 0.19 
# D 1020 42.68   3.871  8.497  5.02  0.13  94.9 14.2 49.35 0.16 
# E 1040 42.39   4.047  8.399  6.35  0.13  94.9 22.0 49.06 0.14 
# F 1060 41.66   4.009  7.765  8.20  0.13  95.3 32.1 48.41 0.12 
# G 1120 45.88   4.016  10.91   26.8   0.13  93.7 65.1 52.36 0.11 
# H 1180 37.92   4.058  8.346  22.5   0.13  94.4 92.9 43.69 0.09 
# I 1250 45.08   4.303  12.76   5.69  0.12  92.4 99.9 50.77 0.17 
# J 1650 1257.6    6.258  4135.9    0.104 0.082 2.9 100.0 43.94 12.56 
Integrated age ± 2σ n=10 81.2   0.13  K2O=1.20% 48.76 0.21 
  Notes:                   
Isotopic ratios corrected for blank, radioactive decay, and mass discrimination, not corrected for interfering reactions. 
Errors quoted for individual analyses include analytical error only, without interfering reaction or J uncertainties. 
Integrated age calculated by summing isotopic measurements of all steps. 
Integrated age error calculated by quadratically combining errors of isotopic measurements of all steps. 
Plateau age is inverse-variance-weighted mean of selected steps. 
Plateau age error is inverse-variance-weighted mean error (Taylor, 1982) times root MSWD where MSWD>1. 
Plateau error is weighted error of Taylor (1982). 
Decay constants and isotopic abundances after Steiger and Jäger (1977). 
# symbol preceding sample ID denotes analyses excluded from plateau age calculations. 
i symbol preceding sample ID denotes analyses excluded from integrated age calculations. 
Weight percent K2O calculated from 39Ar signal, sample weight, and instrument sensitivity. 
Ages calculated relative to FC-2 Fish Canyon Tuff sanidine interlaboratory standard at  27.84 Ma  
Decay Constant (LambdaK (total)) =  5.543e-10/a 
Correction factors: 
    (39Ar/37Ar)Ca = 0.00068 ± 5e-05 
    (36Ar/37Ar)Ca = 0.00028 ± 2e-05 
    (38Ar/39Ar)K = 0.0125 
      (40Ar/39Ar)K = 0 ± 0.0004                
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SLB-07-36D Hornblende
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 Age spectrum (4a) and isochron (4b) for hornblende SLB-07-36D.
 All errors quoted at 2 sigma.  Isochron points shown in purple
not included in calculated age.
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 Age spectrum (5a) and isochron (5b) for biotite SLB-07-26G.
 All errors quoted at 2 sigma.  Isochron points shown in purple
not included in calculated age.
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Ar/ Ar Intercept = 295.9± 3.0
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 Age spectrum (6a) and isochron (6b) for hornblende SLB-07-26G.
 All errors quoted at 2 sigma.  Isochron points shown in purple
not included in calculated age.
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not included in calculated age.
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Isotope ratios Apparent Ages (Ma) 
Analysis U 
206Pb U/Th 
206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± 
     APPENDIX F. U-PB ZIRCON GEOCHRONOLOGIC ANALYSES OF VOLCANIC 
CLASTS FROM THE SANTA FE GROUP, SAN LUIS BASIN, COLORADO 
Best age ± 
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
SLB-07-7C-20 122 378 1.5 25.2594 33.7 0.0274 34.2 0.0050 5.6 0.16 32.2 1.8 27.4 9.2 -377.7 897.4 32.2 1.8 
SLB-07-7C-25 278 714 8.1 18.9878 18.9 0.0366 19.2 0.0050 3.1 0.16 32.4 1.0 36.5 6.9 314.4 434.2 32.4 1.0 
SLB-07-7C-29 309 864 8.4 23.5581 14.9 0.0299 15.6 0.0051 4.5 0.29 32.8 1.5 29.9 4.6 -199.8 375.5 32.8 1.5 
SLB-07-7C-32 198 1266 7.8 33.8768 40.1 0.0209 40.2 0.0051 1.7 0.04 33.1 0.6 21.0 8.4 -1208.9 1287.7 33.1 0.6 
SLB-07-7C-4 248 1160 8.6 34.3633 40.2 0.0209 40.3 0.0052 2.3 0.06 33.5 0.8 21.0 8.4 -1253.4 1304.7 33.5 0.8 
SLB-07-7C-1 596 2140 10.8 24.2527 15.4 0.0297 15.6 0.0052 2.3 0.15 33.6 0.8 29.8 4.6 -273.2 394.3 33.6 0.8 
SLB-07-7C-15 551 900 4.8 17.0502 23.0 0.0423 23.2 0.0052 3.0 0.13 33.7 1.0 42.1 9.6 554.1 507.6 33.7 1.0 
SLB-07-7C-26 316 816 4.5 22.8333 13.4 0.0317 13.5 0.0052 1.0 0.07 33.7 0.3 31.7 4.2 -122.1 332.8 33.7 0.3 
SLB-07-7C-12 138 486 1.5 19.7830 34.7 0.0367 34.9 0.0053 3.3 0.09 33.8 1.1 36.6 12.5 220.3 825.1 33.8 1.1 
SLB-07-7C-3 188 762 7.5 24.3728 37.7 0.0299 37.9 0.0053 3.8 0.10 34.0 1.3 29.9 11.2 -285.8 989.9 34.0 1.3 
SLB-07-7C-5 253 1086 8.7 26.9287 22.5 0.0273 22.9 0.0053 4.1 0.18 34.3 1.4 27.4 6.2 -546.7 610.8 34.3 1.4 
SLB-07-7C-30 233 1222 9.2 38.7191 47.4 0.0191 47.9 0.0054 6.6 0.14 34.6 2.3 19.2 9.1 -1645.3 1709.7 34.6 2.3 
SLB-07-7C-10 191 840 7.3 31.7141 119.9 0.0234 120.0 0.0054 5.3 0.04 34.6 1.8 23.5 27.8 -1008.5 2230.8 34.6 1.8 
SLB-07-7C-22 450 1474 14.9 24.3752 16.5 0.0306 16.7 0.0054 2.5 0.15 34.8 0.9 30.6 5.0 -286.0 423.5 34.8 0.9 
SLB-07-7C-28 557 1862 7.9 23.3869 10.4 0.0321 10.5 0.0054 1.3 0.12 35.0 0.4 32.1 3.3 -181.6 259.9 35.0 0.4 
SLB-07-7C-23 495 1578 12.4 22.1625 10.7 0.0339 12.3 0.0054 6.0 0.49 35.0 2.1 33.8 4.1 -49.1 261.8 35.0 2.1 
SLB-07-7C-2 704 2330 10.9 23.2975 8.7 0.0324 8.8 0.0055 1.1 0.12 35.2 0.4 32.4 2.8 -172.0 216.7 35.2 0.4 
SLB-07-7C-24 188 602 5.1 19.0965 25.2 0.0396 25.3 0.0055 2.2 0.09 35.3 0.8 39.5 9.8 301.4 583.0 35.3 0.8 
SLB-07-7C-9 185 876 8.1 21.0427 17.2 0.0361 17.4 0.0055 2.5 0.14 35.4 0.9 36.0 6.2 75.5 412.4 35.4 0.9 
SLB-07-7C-31 172 948 5.9 25.9987 41.9 0.0295 42.2 0.0056 4.8 0.11 35.8 1.7 29.5 12.3 -453.1 1147.9 35.8 1.7 
SLB-07-7C-19 399 1030 7.3 21.4759 14.4 0.0358 14.5 0.0056 1.0 0.07 35.8 0.4 35.7 5.1 26.9 347.5 35.8 0.4 
SLB-07-7C-18 646 1914 8.0 22.0061 7.5 0.0350 7.6 0.0056 1.0 0.13 35.9 0.4 34.9 2.6 -31.9 182.5 35.9 0.4 
SLB-07-7C-8 250 1002 7.8 25.4203 23.2 0.0305 23.2 0.0056 1.2 0.05 36.1 0.4 30.5 7.0 -394.2 610.5 36.1 0.4 
SLB-07-7C-27 263 838 4.1 17.0137 28.7 0.0456 28.9 0.0056 3.4 0.12 36.2 1.2 45.3 12.8 558.8 637.4 36.2 1.2 
SLB-07-7C-7 291 850 5.5 17.2332 31.0 0.0452 31.0 0.0057 1.0 0.03 36.3 0.4 44.9 13.6 530.8 695.1 36.3 0.4 
SLB-07-7C-13 200 1090 7.1 28.3950 27.5 0.0275 27.6 0.0057 2.3 0.08 36.4 0.8 27.5 7.5 -691.5 773.3 36.4 0.8 
SLB-07-7C-11 407 1610 9.3 22.2747 12.4 0.0372 12.4 0.0060 1.0 0.08 38.6 0.4 37.0 4.5 -61.4 302.9 38.6 0.4 
SLB-07-7C-17 317 21980 5.2 10.5879 3.5 0.6219 10.0 0.0478 9.4 0.94 300.7 27.6 491.1 39.0 1517.1 66.1 300.7 27.6
SLB-07-7C-16 392 44146 14.8 11.1877 1.0 2.3449 3.0 0.1903 2.8 0.94 1122.8 29.2 1226.0 21.4 1412.4 19.1 1412.4 19.1
SLB-07-7C-21 1514 153268 72.7 11.0743 1.1 2.9453 1.5 0.2366 1.0 0.68 1368.8 12.3 1393.6 11.2 1431.8 20.6 1431.8 20.6
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Appendix F cont’d 
Isotope ratios Apparent Ages (Ma) 
Analysis U 
206Pb U/Th 
206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± 
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
SLB-07-7C-14 787 99300 8.5 10.9471 1.0 3.1577 1.4 0.2507 1.0 0.70 1442.1 12.9 1446.9 11.0 1453.9 19.4 1453.9 19.4
                                      
SLB-07-36C-12 205 626 3.5 33.7406 40.6 0.0190 40.6 0.0047 1.5 0.04 29.9 0.5 19.1 7.7 -1196.3 1300.2 29.9 0.5 
SLB-07-36C-15 208 792 4.8 20.8529 15.7 0.0309 15.9 0.0047 2.4 0.15 30.0 0.7 30.9 4.8 97.0 373.1 30.0 0.7 
SLB-07-36C-17 215 752 4.2 23.2403 21.9 0.0281 21.9 0.0047 1.8 0.08 30.4 0.6 28.1 6.1 -165.9 549.8 30.4 0.6 
SLB-07-36C-10 194 520 2.4 26.3695 24.5 0.0250 24.5 0.0048 1.8 0.07 30.8 0.6 25.1 6.1 -490.6 658.3 30.8 0.6 
SLB-07-36C-24 283 730 1.3 23.2191 18.0 0.0284 18.0 0.0048 1.3 0.07 30.8 0.4 28.5 5.1 -163.7 450.0 30.8 0.4 
SLB-07-36C-16 482 1406 13.4 22.0341 15.3 0.0300 15.4 0.0048 1.5 0.10 30.8 0.5 30.0 4.5 -35.0 373.1 30.8 0.5 
SLB-07-36C-14 282 1030 8.1 26.6291 21.5 0.0250 21.5 0.0048 2.0 0.09 31.0 0.6 25.1 5.3 -516.7 578.6 31.0 0.6 
SLB-07-36C-13 222 1220 3.2 26.6783 40.3 0.0249 40.4 0.0048 3.0 0.07 31.0 0.9 25.0 10.0 -521.7 1115.5 31.0 0.9 
SLB-07-36C-9 198 614 2.7 31.5322 34.4 0.0211 34.4 0.0048 2.3 0.07 31.1 0.7 21.2 7.2 -991.5 1041.1 31.1 0.7 
SLB-07-36C-19 214 686 3.6 28.6126 31.9 0.0233 32.0 0.0048 2.4 0.07 31.1 0.7 23.4 7.4 -712.7 907.0 31.1 0.7 
SLB-07-36C-5 169 884 3.5 17.9896 43.6 0.0375 43.7 0.0049 2.9 0.07 31.5 0.9 37.4 16.0 435.9 1016.5 31.5 0.9 
SLB-07-36C-11 224 872 4.7 25.6104 26.4 0.0265 26.5 0.0049 1.3 0.05 31.6 0.4 26.5 6.9 -413.6 701.6 31.6 0.4 
SLB-07-36C-22 349 1148 6.9 22.1052 12.8 0.0307 12.9 0.0049 2.0 0.15 31.6 0.6 30.7 3.9 -42.8 311.3 31.6 0.6 
SLB-07-36C-20 525 1896 17.3 22.9321 21.4 0.0300 21.4 0.0050 1.0 0.05 32.1 0.3 30.0 6.3 -132.8 533.9 32.1 0.3 
SLB-07-36C-18 297 1406 5.7 24.7862 15.6 0.0282 15.9 0.0051 3.2 0.20 32.6 1.0 28.2 4.4 -328.9 403.1 32.6 1.0 
SLB-07-36C-21 368 1068 5.7 23.5206 19.3 0.0300 19.3 0.0051 1.0 0.05 32.9 0.3 30.0 5.7 -195.9 487.2 32.9 0.3 
SLB-07-36C-4 169 624 3.4 31.5696 35.9 0.0224 36.0 0.0051 3.3 0.09 32.9 1.1 22.5 8.0 -994.9 1090.6 32.9 1.1 
SLB-07-36C-23 310 1156 4.1 20.3184 35.4 0.0350 35.5 0.0052 1.2 0.03 33.2 0.4 34.9 12.2 158.1 853.3 33.2 0.4 
SLB-07-36C-6 206 660 7.5 34.8388 41.4 0.0206 41.5 0.0052 1.6 0.04 33.4 0.5 20.7 8.5 -1296.8 1360.0 33.4 0.5 
SLB-07-36C-2 223 746 5.5 15.5786 34.9 0.0475 34.9 0.0054 1.0 0.03 34.5 0.3 47.1 16.1 747.9 759.3 34.5 0.3 
SLB-07-36C-1 175 648 4.0 31.2378 34.7 0.0239 34.7 0.0054 1.2 0.04 34.8 0.4 24.0 8.2 -963.8 1044.8 34.8 0.4 
SLB-07-36C-7 136 534 3.2 31.5347 69.7 0.0237 69.8 0.0054 3.2 0.05 34.9 1.1 23.8 16.4 -991.6 2328.4 34.9 1.1 
SLB-07-36C-3 266 1002 7.6 21.9835 29.1 0.0343 29.1 0.0055 1.0 0.03 35.2 0.4 34.3 9.8 -29.4 717.7 35.2 0.4 
SLB-07-12I-17 606 31130 15.5 14.4504 11.8 -0.2249 11.8 -0.0236 1.0 0.08 -153.8 -1.6 -258.7 -34.9 904.8 243.9 -153.8 -1.6
SLB-07-12I-2 756 1986 4.6 20.5132 19.9 0.0314 20.2 0.0047 3.4 0.17 30.0 1.0 31.3 6.2 135.8 471.0 30.0 1.0 
SLB-07-12I-4 276 874 5.2 22.1859 31.7 0.0299 31.8 0.0048 2.3 0.07 31.0 0.7 29.9 9.4 -51.7 789.8 31.0 0.7 
SLB-07-12I-7 502 1186 8.5 23.5616 11.9 0.0282 12.0 0.0048 1.5 0.12 31.0 0.5 28.3 3.4 -200.2 300.2 31.0 0.5 
SLB-07-12I-1 1092 2690 8.9 19.6440 19.2 0.0339 19.2 0.0048 1.0 0.05 31.0 0.3 33.8 6.4 236.6 446.1 31.0 0.3 
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Appendix F cont’d 
Isotope ratios Apparent Ages (Ma) 
Analysis U 
206Pb U/Th 
206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± 
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
SLB-07-12I-5 606 1124 4.2 23.6324 10.7 0.0283 10.8 0.0049 1.0 0.09 31.2 0.3 28.4 3.0 -207.8 270.3 31.2 0.3 
SLB-07-12I-18 217 668 3.5 32.6385 37.1 0.0207 37.4 0.0049 4.6 0.12 31.5 1.4 20.8 7.7 -1094.7 1154.7 31.5 1.4 
SLB-07-12I-3 397 1216 15.5 22.9512 14.2 0.0294 14.3 0.0049 1.4 0.10 31.5 0.4 29.5 4.2 -134.9 353.3 31.5 0.4 
SLB-07-12I-6 300 986 3.4 24.7826 15.8 0.0273 16.0 0.0049 2.2 0.14 31.6 0.7 27.4 4.3 -328.5 408.7 31.6 0.7 
SLB-07-12I-12 356 1390 8.8 19.4614 19.1 0.0349 19.1 0.0049 1.2 0.06 31.7 0.4 34.8 6.5 258.1 441.9 31.7 0.4 
SLB-07-12I-11 294 998 3.9 23.0116 28.6 0.0295 28.7 0.0049 2.6 0.09 31.7 0.8 29.6 8.4 -141.4 719.7 31.7 0.8 
SLB-07-12I-23 509 1870 18.7 19.7499 12.2 0.0346 12.2 0.0050 1.0 0.08 31.9 0.3 34.5 4.2 224.1 283.1 31.9 0.3 
SLB-07-12I-21 377 1270 14.8 26.6126 22.0 0.0257 22.0 0.0050 1.4 0.06 31.9 0.4 25.8 5.6 -515.1 593.2 31.9 0.4 
SLB-07-12I-22 663 2170 16.1 21.0634 9.1 0.0326 9.2 0.0050 1.0 0.11 32.1 0.3 32.6 2.9 73.2 216.6 32.1 0.3 
SLB-07-12I-20 728 2526 5.9 22.2708 6.1 0.0309 6.1 0.0050 1.0 0.16 32.1 0.3 30.9 1.9 -61.0 147.9 32.1 0.3 
SLB-07-12I-8 515 1512 18.5 21.4275 5.5 0.0321 5.6 0.0050 1.0 0.18 32.1 0.3 32.1 1.8 32.3 131.4 32.1 0.3 
SLB-07-12I-9 338 1498 5.6 28.5351 27.6 0.0242 27.6 0.0050 1.0 0.04 32.2 0.3 24.3 6.6 -705.1 779.5 32.2 0.3 
SLB-07-12I-19 256 940 6.3 22.0195 15.8 0.0316 15.9 0.0050 1.9 0.12 32.4 0.6 31.5 4.9 -33.4 385.5 32.4 0.6 
SLB-07-12I-10 502 1614 16.6 24.1013 13.3 0.0289 13.4 0.0051 1.8 0.13 32.5 0.6 29.0 3.8 -257.3 337.1 32.5 0.6 
SLB-07-12I-14 1105 3058 3.7 21.6960 6.5 0.0330 6.6 0.0052 1.1 0.16 33.3 0.4 32.9 2.1 2.4 156.4 33.3 0.4 
SlB-07-12I-13 214 706 4.8 25.3272 22.2 0.0283 22.3 0.0052 2.5 0.11 33.4 0.8 28.3 6.2 -384.7 582.4 33.4 0.8 
SLB-07-12I-16 221 670 3.5 16.9361 23.0 0.0430 23.1 0.0053 1.3 0.06 33.9 0.5 42.7 9.7 568.8 507.6 33.9 0.5 
SLB-07-12I-15 189 632 3.3 42.3690 51.5 0.0173 51.5 0.0053 2.0 0.04 34.1 0.7 17.4 8.9 -1967.4 2026.2 34.1 0.7 
SLB-07-12I-24 387 12800 4.5 11.7764 2.7 0.6961 4.6 0.0595 3.7 0.81 372.3 13.5 536.5 19.2 1313.6 51.8 372.3 13.5
                                      
SLB-07-35D-20 82 220 0.8 18.9460 66.0 0.0316 66.1 0.0043 3.4 0.05 27.9 0.9 31.6 20.6 319.4 1693.0 27.9 0.9 
SLB-07-35D-4 47 286 2.2 18.8325 56.5 0.0334 57.2 0.0046 9.4 0.16 29.3 2.7 33.3 18.8 333.0 1390.1 29.3 2.7 
SLB-07-35D-18 62 224 1.1 38.8807 69.6 0.0162 69.7 0.0046 4.0 0.06 29.3 1.2 16.3 11.2 -1659.7 2695.7 29.3 1.2 
SLB-07-35D-19 149 532 1.7 25.9021 20.6 0.0256 21.0 0.0048 4.4 0.21 30.9 1.4 25.7 5.3 -443.3 545.7 30.9 1.4 
SLB-07-35D-24 123 470 2.2 30.3786 41.3 0.0228 41.5 0.0050 3.5 0.08 32.3 1.1 22.9 9.4 -882.5 1236.6 32.3 1.1 
SLB-07-35D-13 82 302 2.1 28.2902 45.0 0.0245 45.4 0.0050 5.4 0.12 32.3 1.7 24.6 11.0 -681.2 1300.7 32.3 1.7 
SLB-07-35D-6 400 1164 0.9 25.1993 16.0 0.0276 16.1 0.0051 2.0 0.13 32.5 0.7 27.7 4.4 -371.5 415.9 32.5 0.7 
SLB-07-35D-10 265 34356 1.4 11.7168 5.0 2.6833 5.5 0.2280 2.4 0.43 1324.1 28.4 1323.9 40.8 1323.4 96.4 1323.4 96.4
SLB-07-35D-3 143 20228 1.7 11.6930 3.0 2.8108 3.2 0.2384 1.0 0.32 1378.2 12.4 1358.4 23.8 1327.4 58.3 1327.4 58.3
SLB-07-35D-15 158 15308 1.7 11.6861 3.6 2.6928 3.7 0.2282 1.0 0.27 1325.2 12.0 1326.5 27.6 1328.5 69.6 1328.5 69.6
SLB-07-35D-22 91 12088 5.7 11.5947 1.7 2.7240 2.3 0.2291 1.5 0.66 1329.6 18.3 1335.0 17.2 1343.7 33.7 1343.7 33.7
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Appendix F cont’d 
Isotope ratios Apparent Ages (Ma) 
Analysis U 
206Pb U/Th 
206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± 
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
SLB-07-35D-5 374 46704 2.7 11.5731 2.0 2.6323 2.8 0.2209 2.0 0.71 1286.9 23.2 1309.7 20.7 1347.3 38.4 1347.3 38.4
SLB-07-35D-12 430 39808 2.4 11.5625 2.5 2.5226 2.9 0.2115 1.6 0.54 1237.0 17.9 1278.6 21.4 1349.1 47.7 1349.1 47.7
SLB-07-35D-9 174 23546 2.2 11.4871 2.8 2.8176 3.0 0.2347 1.0 0.33 1359.3 12.3 1360.2 22.5 1361.7 54.5 1361.7 54.5
SLB-07-35D-7 128 16880 1.9 11.4780 1.5 2.8132 1.8 0.2342 1.0 0.56 1356.4 12.2 1359.1 13.3 1363.2 28.2 1363.2 28.2
SLB-07-35D-14 390 43706 2.7 11.4682 1.9 2.6389 2.2 0.2195 1.0 0.46 1279.2 11.6 1311.5 15.9 1364.8 36.8 1364.8 36.8
SLB-07-35D-11 423 45716 2.1 11.4503 2.9 2.7235 3.1 0.2262 1.0 0.32 1314.4 11.9 1334.9 23.0 1367.9 56.4 1367.9 56.4
SLB-07-35D-16 122 13702 2.2 11.2675 3.0 2.8396 3.4 0.2320 1.7 0.50 1345.2 20.8 1366.1 25.8 1398.8 57.2 1398.8 57.2
SLB-07-35D-21 740 99112 8.9 9.9530 3.6 3.7698 4.1 0.2721 2.1 0.50 1551.6 28.5 1586.3 33.0 1632.8 66.0 1632.8 66.0
SLB-07-35D-23 188 27232 1.5 9.8474 2.3 3.8518 3.2 0.2751 2.2 0.69 1566.6 30.9 1603.6 25.9 1652.6 43.0 1652.6 43.0
                                      
SLB-07-33G-8 63 3416 2.0 11.0088 24.5 -0.2972 24.5 -0.0237 1.0 0.04 -154.8 -1.6 -358.2 -105.6 1443.2 473.5 -154.8 -1.6
SLB-07-33G-13 303 638 1.0 28.2693 26.9 0.0230 27.0 0.0047 2.9 0.11 30.3 0.9 23.1 6.2 -679.2 753.4 30.3 0.9 
SLB-07-33G-4 77 352 2.6 24.4532 75.9 0.0274 76.2 0.0049 6.9 0.09 31.3 2.1 27.5 20.7 -294.2 2289.0 31.3 2.1 
SLB-07-33G-9 194 476 1.4 27.7081 25.8 0.0252 25.8 0.0051 1.7 0.06 32.5 0.5 25.2 6.4 -624.1 713.9 32.5 0.5 
SLB-07-33G-10 186 632 1.9 27.1289 22.9 0.0259 22.9 0.0051 1.9 0.08 32.8 0.6 26.0 5.9 -566.7 623.5 32.8 0.6 
SLB-07-33G-19 353 916 0.9 25.7433 18.0 0.0275 18.3 0.0051 3.1 0.17 33.0 1.0 27.6 5.0 -427.2 476.2 33.0 1.0 
SLB-07-33G-15 100 288 0.7 28.6080 28.0 0.0254 28.5 0.0053 5.5 0.19 33.9 1.9 25.5 7.2 -712.2 792.4 33.9 1.9 
SLB-07-33G-20 346 1026 1.1 24.6520 14.7 0.0306 14.8 0.0055 1.3 0.08 35.1 0.4 30.6 4.4 -314.9 378.8 35.1 0.4 
SLB-07-33G-18 365 40992 7.3 11.8305 2.2 1.7923 4.2 0.1538 3.5 0.85 922.1 30.4 1042.7 27.1 1304.7 42.2 1304.7 42.2
SLB-07-33G-12 114 15208 3.7 11.7152 2.6 2.3888 7.9 0.2030 7.5 0.94 1191.2 81.0 1239.2 56.5 1323.7 50.0 1323.7 50.0
SLB-07-33G-14 101 14618 1.6 11.5454 3.7 2.8060 4.3 0.2350 2.1 0.50 1360.4 26.1 1357.1 31.9 1351.9 71.3 1351.9 71.3
SLB-07-33G-16 156 20414 1.5 11.4513 1.6 2.8473 1.9 0.2365 1.0 0.52 1368.4 12.3 1368.1 14.5 1367.7 31.6 1367.7 31.6
SLB-07-33G-3 87 12840 2.2 11.4430 2.7 2.8133 3.5 0.2335 2.1 0.61 1352.7 26.0 1359.1 26.0 1369.1 52.6 1369.1 52.6
SLB-07-33G-1 126 19044 2.0 11.4348 1.4 2.8742 1.7 0.2384 1.0 0.59 1378.2 12.4 1375.2 12.8 1370.5 26.3 1370.5 26.3
SLB-07-33G-23 57 8794 1.8 11.3755 2.0 2.7967 2.4 0.2307 1.3 0.53 1338.4 15.3 1354.7 17.9 1380.5 39.1 1380.5 39.1
SLB-07-33G-2 124 19542 2.3 11.3710 1.9 2.8855 2.2 0.2380 1.0 0.46 1376.1 12.4 1378.1 16.3 1381.2 36.7 1381.2 36.7
SLB-07-33G-22 145 18992 1.4 11.3697 2.4 2.9095 2.6 0.2399 1.1 0.42 1386.3 13.5 1384.4 19.5 1381.4 45.2 1381.4 45.2
SLB-07-33G-21 352 51250 6.2 11.3589 2.1 2.5395 3.3 0.2092 2.6 0.77 1224.6 28.6 1283.4 24.3 1383.3 40.9 1383.3 40.9
SLB-07-33G-11 103 14778 1.4 11.3481 2.6 2.8486 2.8 0.2345 1.0 0.36 1357.8 12.2 1368.4 20.9 1385.1 49.8 1385.1 49.8
SLB-07-33G-24 115 11022 1.4 11.3147 2.0 2.6511 2.8 0.2176 2.0 0.70 1269.0 22.6 1315.0 20.8 1390.8 38.8 1390.8 38.8
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Isotope ratios Apparent Ages (Ma) 
Analysis U 
206Pb U/Th 
206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best age ± 
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)
SLB-07-33G-17 73 5402 1.6 11.2417 2.4 2.7902 2.6 0.2275 1.0 0.38 1321.4 11.9 1352.9 19.5 1403.2 46.0 1403.2 46.0
SLB-07-33G-7 44 6708 2.0 11.2342 3.3 2.9834 3.4 0.2431 1.0 0.29 1402.7 12.6 1403.4 26.2 1404.4 63.2 1404.4 63.2
SLB-07-33G-6 522 80106 1.5 9.2492 2.1 4.6167 2.3 0.3097 1.0 0.43 1739.2 15.2 1752.3 19.5 1767.9 38.5 1767.9 38.5
Notes: 
Table sorted from youngest to oldest best age for each sample. 
Italicized values are not calculated into the age. 
All uncertainties are reported at the 1-sigma level and include only measurement errors. Systematic errors would increase age uncertainties by 1-2%. 
U concentration and U/Th are calibrated relative to NIST SRM 610 and are accurate to ~20%. 
Common Pb correction is from 204Pb, with composition interpreted from Stacey and Kramers (1975) and uncertainties of 1.0 for 206Pb/ 204Pb, 0.3 for 
      207Pb/204Pb, and 2.0 for 208Pb/ 204Pb. 
U/Pb and 206Pb/ 207Pb fractionation is calibrated relative to fragments of a large Sri Lanka zircon of 564 ± 4 Ma (2-sigma). 
U decay constants and composition as follows: 238U = 9.8485 x 10 -10, 235U = 1.55125 x 10 -10, 238U/ 235U = 137.88. 
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SLB-07-7C
Age 35.4 ± 0.9 Ma 
Mean 35.4 ± 0.6 Ma
MSWD = 6.2
box heights are 2σ
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SLB-07-12I
Age = 32.0 ± 0.7 Ma 
Mean = 32.0 ± 0.4 Ma  
MSWD = 3.6
box heights are 2σ
152
 
 
Appendix F cont’d 
 
25
27
29
31
33
35
37
39
41
43
45
20
6 P
b/
23
8 U
 A
ge
 (M
a)
SLB-07-33G
Age = 33.4 ± 1.7 Ma
Mean = 33.4 ± 1.5 Ma
MSWD = 5.4
box heights are 2σ
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SLB-07-35D
Age = 31.0 ± 1.9 Ma
Mean = 31.0 ± 1.8 Ma
MSWD = 3.3
box heights are 2σ
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SLB-07-36C
Age = 32.4 ± 0.9 Ma 
Mean = 32.4 ± 0.7 Ma
MSWD = 11.7
box heights are 2σ
155
 
 
Appendix F cont’d 
 
SLB-07-7CCathodoluminescence image of zircons Photo credit: Dan Miggins 
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SLB-07-12I Photo credit: Dan Miggins 
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Photo credit: Dan Miggins SLB-07-33G
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SLB-07-35D Photo credit: Dan Miggins 
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Photo credit: Dan Miggins SLB-07-36C 
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